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Section I. INTRODUCTION

1-1 PLEASE READ THIS FIRST. You should glance through this entire
manual before starting any savings calculation. If you must start
calculating before reading, at least:

Become familiar with the Energy Monitoring and Control Systems
(EMCS) applications software discussed in Chapter 3, Section II
of Enerav Monitoring and Control Systems, Technical Manual
TM5-815-2/NAVFAC DM-4.09/AFM 88-36.

• Read Appendix A, Variables.

° Read Appendix B, Constants and Conversion Factors.

1-2 PURPOSE. This manual provides methods for estimating energy
savings obtainable through the use of EMCS applications programs as
described in Chapter 3, Section II of Enerav Monitorina and Control
Syses. Software known as the Energy'Savings Analysis (ESA) program
has been developed to largely automate the savings calculation
process. This manual should be used in conjunction with the ESA
program to provide portions of the input data and to explain the
basis for factors and calculations. The manual also aids the user in
performing manual calculations when necessary.

The calculations are intended to provide reasonable approximations of
savings but not a detailed energy analysis of each building. Best
results are obtained by use of energy analysis (simulation) computer. programs.

Note: Simulation programs are required for Optimum
Start/Stop and Economizer calculations and provide
better accuracy for others.

Twenty-seven typical HVAC systems to which EMCS conservation programs
may be applied are shown in Figure 5-1. System schematics and I/O
summary tables may be found in the Energy Monitoring and Control

s manual.

1-3 ARRANGEMENT.

1-3.1 Section I. INTRODUCTION. This section describes the
contents of the manual and presents a brief background for EMCS
savings calculations.

1-3.2 Section II. FIELD SURVEY DATA COLLECTION. This section
describes the field data required for EMCS savings calculations.

1-3.3 Section III. ESA COMPUTER PROGRAM. This section contains
the ESA program users manual.

1-1



1-3.4 Sqction IV. FACTOR CALCULATIONS. This section describes the
development of climate aad building based factors which are required
for the savings calculations.

1-3.5 Section V. SAVINGS CALCULATIONS. This section presents the
ENCS savings calculationr..

1-3.6 Section VI. EXAMPLE SAVINGS CALCULATION. This section
provides a complete savings calculation for a hypothetical building
using data collectad in Section II, factors derived in Section IV,
and the methodology of Section V.

1-3.7 ApeRndix A. DEFINITIONS OF VARIABLES. This appendix
contains definitions for the variables used throughout the manual.

1-3.9 ADDendix B. C^),STANTS and CONVERSION FACTORS. This appendix
contains descriptions if the constants and conversion factors used in
the manual and conta .s brief derivations where applicable.

1-3.10 ARpendix C. D . Data reproduced, with permission,
from ASHRAE Handbooks. Data includes "U" factors, "R" factors,
psychrometric chart, and compressor performance values.

1-3.11 APoendix D. ACRONYMS.

1-3.12 Appendix E. REFERENCES.

1-3.13 ADpendix F. BLANK DATA INPUT FORMS.

1-4 GENERAL APPROACH. The three methods for energy analysis
discussed below are the most widely used.

1-4.1 Bin Weather Data Method. This method uses weather data which
is separated in 5 degree increments known as bins. The purpose is to
determine, using engineering calculations, the amount of heating or
cooling energy that a building will require at any given outdoor
temperature. The energy consumption is determined by multiplying the
energy requirement at any given temperature by the number of hours at
that temperature and summing. This is the least accurate of the
three methods but will generally yield acceptable results.

1-4.2 Enerav Analysis Computer Proarams. These programs fall under
a variety of commercial names which are generally known as simulation
programs. Most programs perform energy balance calculations hourly
over the analysis period, typically one year, and require hourly
weather data and hourly estimates of internal loads such as lighting
and occupants. They model building systems and conditions while
allowing the user to easily do repeated "what if" investigations of
alternatives. Output values can vary widely with a 25% difference
not being uncommon.

6
1-2



1-4.3 Enerav Use Evaluation. Much information can be obtained from
building utility records. The quantity and type of data available
depend on the type of metering installed. Analyzing this data can. llow a precise determination of the quantities of energy used for
various purposes in the building. The analysis eliminates the need
for estimates and can, therefore, yield accurate results.

1-5 WEATHER DATA SOURCES.

"* Enainering Weather Data
Air Force Manual AFM 88-29
Army Technical Manual TM 5-785
Navy Manual NAVFAC P-89

" Bin and Dearee Hour Weather Data Software
Software written in Basic for PC/MS-DOS.
Available from:

ASHRAE, Inc.
Publication Sales
1791 Tullie Circle NE
Atlanta, GA 30329-2305

1-6 POINT OF CONTACT. This manual was prepared for the Naval
Facilities Engineering Service Center (formerly the Naval Civil
Engineering Laboratory), Port Hueneme, California. Comments or
requests for additional information should be directed to:

. Commanding Officer
Naval Facilities Engineering Service Center
Code ESC21
Port Hueneme, California 93043-4328
Telephone: (805) 982-1268

551-1268 (DSN)

U.S. Army Corps of Engineers
Huntsville Division
Huntsville, Alabama 35805
Attention: HNDED-ME
Telephone: (205) 899-3322

1-3



Section II. DATA

2-1 INTRODUCTION. This section consists of field survey data
*takeoff sheets and screen data input sheets. Sheets may be

duplicated as necessary.

2-1.1 ESA Proaram Field Survey Dat*aheets. These sheets may be
used in conjunction with an EMCS feasibility base survey to filter,
simplify, and tailor data specifically for use by the ESA program.

2-1.2 ESA Proaram Screen Data Input Forms. These input forms are
copies of the ESA program screens. They may be used as part of the
data iriput proceas.

NOTE: Six different input forms (screens) are used for all
twenty-seven system types. The strategies listed in the
System Strategy Selection and Annual Savings block cover
all possibilities for the input form but not all strategies
apply to every system. Refer to Figure 5-1 for strategy
applications.

2-1



ESA Program Field Survey Data Sheets
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LGROUP BUILDING

. 1JILQING . (1/3)
Buikdlg Hours of Operation: 0100.0800 0900.1600 1700M2400 Other

Heating Fuel Type:

Sketch Building - Locate Zones, Windows, Dorn, etc.
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GROUP BUILDING

BULDING. DM (2/3)

WALLS, EXTERIOR

CMPONENTS R-.VALaUE SKETCH CROSS SECTION

Outasde Air Film

2.2.I

4.

5.
6.__ _ _ _

7. _______

Inside Air Frn _

TOTAL R VALUE

/R - <Uw> -

ROOF

QQMEQNETS R-VIAUES SKETCH CROSS SECTION

Outside Air Film _ _

1. ________

2.

4.

5.

7.

Inside Air Film ____

TOTAL R VALUE

I/R - <U,> -

No. of Floors (above ground) Calculated Total Areas (above ground):

Avg. Floor to Floor Height - Wafis, gross

No. of Barent Levels Windows <A,,,.>

Gross Floor Area <Af > Doors <A,,->

Roof Area <A,> Other

Estimated tcai bldg. air Iniltration (cfm) <I> Wafis, net <A,,,,,>

Pap _ __ of 2-6



G (ROUP IRIDN

O B•ILDI.GDATA (3/3)

WINDOW TYPE _ _ _ _ _ R-VALUE < 4>

WINDOW TYPE ._RVALUE < URV>

WINDOW TYPE R-VALL.U

DOOR TYPE •,R-VALUE < UOW>

DOOR TYPE - R-VALUE -- _ < U __>

DOOR TYPE _ _ , _. R-VALUE <J•

OTHER R-VALUE <UOn>

OTHER -. R-VALUE <U__ _>

OTHER R-VALUE <U'MI>

UA- UxA,.,,, + + U.. x A.. + U.axA,

O Remarks - Note air leaks, stcuu damage, brokor,/defCtive windows, fit of windows and doors, vents that remain

open, Of2.

Page ____of ____2 -7



GROUP~ BUILDING

ZONE ID -Systems Servng Zone___________

Lecatior~ Nominal hours/week occupied <OH> _____

Function Warmup time before ccupancy (hr) <WU> -

Floor Arse, Low Temperature Umit < LTL>

Occupied Summner Setpoint < SSP > Summer Setpoint Rese <SSPR>

Occupied Winter Setpoint <WVSP> (SSPR s AST-SSP)
D ays/Week Heeling Equipmen Operation .cDh> - Winter Setpoint Rese < WSPR >. _____

Days/Week Cooling Equipment Operation <M,> - (SPR s WSP-AWT7, sX'N..$ 4. W

SPECIAL REQUIREMIENTS

Cain ventiation be s"u down for duty c~cig (V/N) - For wh'it % tim45 DCv.T>

Can ventiaton be shut down for demand limiting? (V/N)___ Ftr Y ý,"n? < DLST>_______

Can ventilaton be shut down during unoccupied hours? (V/N) - -

If yes, what is the required OA purge time before occupancy? <PT

REMARKS

ZQNE ATRAI__

ZONE 1D ISystemse Serving Zone

Locaton Nominal hours/week occupied <ON>

Function Warmnup time before occuparicy (hr) < WU >
Floor Area Low Temperature Limit <LTL> ________

Occupied Summer Setpoint cSSP> Summrw Setpoint Rese < SSPR >

Occupied Winter Setpoint < WSP> (SSPR i AST-SSP)

Days/Week Heading Equipment Operation <Dh> - Winter Setpoint ROWe <WSPR>_ _ _ _ _-

Days/Week Coxling Equipment Operation <Dc> -(WSPR s WSP-AWT, s WSP-.Lf)

SPECtAL REQUIREMENTS

Can ventbvio be shut down for duty cycling'? (V/N) For what % time? <DCST>

Can ventilation be shut down for demand limiting? (V/N) -For what % time? < DLST >

Can ventilation be shut down during unoccupied hours? (V/N)

If yes, what is the required OA purge time befese occupancy? <PT>

REMARKS

page __ _Of____ 2-8



GROUP WUILDING SYSTEM

e .Appkia"l Sytm

SA. Single Zone AMU D,, Mutl-zor AHU G. Two Pipe Fan Coil Unit
B. Terminal Reheat AHU E. Single Zone DX.A/C H. Four Pipe Fan Coil Unit

L C. Variable Volume AHU mF. MuFzone DX-A/C

System Doe Zones Served

Loca .oTotal Area Served < Az>

System Efficiency <HSE> Unit Supplying Heating Energy

Rehet Coil Rest <RHR> Heating Energy Fuel Source

Present eort of OA used (decimal) <IPOA> - Unit Supplying Cooling Energy

Energy Used/Ton Refrigeration ýcCPT> Cooling Energy Fuel Source_

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Heating System <Hh> Hours/Week Heating System < HhEMCS>

Hours/Week at WSP <Hwap> Hours/Week Cooling System <HoEMCS>

Hous/Week Cooling System < He> Can system be shut down when

Hours/Week at SSP < Hop> zone(s) unoccupied? (Y/N)

O FAN DATA PUMP DATA AUX DATA

Fion <CFM> <HP> Functio <HP> Functiol <HP>

Supply Air

Return Air

' " .... -P , ;" ,!• - i

MULTI-ZONE DATA

Percent of air passing through Hot Deck <Phd> - Summer Hot Deck Reset <SHDR>

Percent of air passing through Cold Deck <Pcd> - Winter Hot Deck Reset <WHDR>

Operating Hours/Week Dual Deck <Hhc> Summer Cold Deck Reset <SCDR>

MAX/MIN <WSP> <SSP> <WU>

ZONE <LTL> <WSPR> c_ Dh> -..

DATA <OH> <SSPR> <Dc>

<DCb'T> <LLST> .... _ <PT>: _

Pa"e of 2-9



GROUP BUJILDING SYSTEM

A ll l e S y ste mm

1 . Electric Unit Heater M. Direct Fired Boilr 0. Hot Wxter Radiation
J. Electilc RdainN. Stearn Unit Heater U. HTW/Stearn CoWerter

[K HawklngVewdbftl Unit 0. Hot Wwae Unit Heater V. HThfW/HW Conws"c
L. Dret Fired Fvnmm P.Stam Radiaton

System Deec Zones Served
Location Total Area Served <Az>

Electuic Heater Power Rating (Kw) < PWR> Unit Supplying Heating EnerGy

System Efficiency <HSE> Heaftg Energy Fuel Source

Prom percent of OA used (decimal) <POA> Max Total Input Rating (Btu/hr) <CAP>

Healing system Efficiency Increase <OAEi>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hourn/Week Heain System <Hh> HoursiWeek Heating System <HhEMCS>

Hours/Week at WSP < Hwsp>

FAN DATA PUMP DATA AUX DATA

Filn <CFM> <HP> Fuion <HP,. Function <HP>

Supply Air

Reaturn Air __ _ _ _ _ _ _ _ _ _ _ _ _ __ _ __ _ _ _

MAX/MIN CWSP> -<OH> , <WU>

ZONE < LTL> ..... <WSPR> , cDh>

DATA DCSFT> <DLST>

REMARKS

Page of 2-10



GROUP BUILDING SYSTEM

Applicable Systems

-R. steam Boiler S. Hot Water Boiler

System Do•s Zones Served

Location Heating Energy Fuel Type

Efflciency Increma Max Total Capacity (Btu/hr) <CAP>

when Changing Boilers <cCE> Heating "stem Efficiency Increase <OAEI>

System Availadbilty (days/year) System Efficiency <HSE>

REMARKS

Page of 2-11



GROUP BUILDING SYSTEM

Applicable Systems___

I W. Wawe Cocled OX Compressor Y. Air Cooled Chiller
IX_ Air Cocoledl OX Compressor 7- Water Cooled Chiller

System Desc Zones Served
Location Eerwgy Used/Ton Refrigeration <CPT>

Chiller Typo: (1) Cenrafugal (2) Abeorptioui Chiller Capacity (tons) cTON> ________

(3) Reciprocal (4) Sc~rew Comp Present Condenser Water Temperature < PCWTr> -

Cenwrfugal Choler Moeo HP ýcCHP> is the condenser fan continuous or cycling2.....

Cetrifugal Chiller Motor Efficiency c CME> Chiller water temperature reset < CWrR>
System AvailabilItly (days/year)

Efficiency Increase when changing chnilers < CSEI >
Can th" centrifugal Chiller be shut down for demandi limiting? (Y/N) _ __For what % time? < SDT >

Can the centriuga chiller capacity be stepped down for demand limiting? (Y/N) __ _ By what %? < SDC >-

cHP> <HP>

Page Of _ ___2-12



IAA Iqi.~. Ufft C.ntr

System D _ec Zones Served

L.a..on oud Wattage <TC,>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hour/Week Lightng System <1t.> Hours/Week igh.ing System < HLEMCS>

REMARKS

Page __ _Of 2-13



GROUP B3UILDING SYSTEM

PROJECT REMARKS
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ESA Program Screen Data Input Forms
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GROUP BUI WING

Climate

Variable leerdon Symbol Value Units

Avg E.ering ondenw Water Temperature ACWT _F

Annual Number of Days for Morning Wanmup ANDW _days/yea

Average Summer Temperature AST "F

Averag Winter Temperature AWT" *F

Cooling Full-Load Hours CFLH hr/year

Heatn Full-Load Hours HFLH hrs/year

Weeks of Cooling WKC wks/year

Weeks of Heating WKH wks/year

Average Outside Air Enthalpy OAE Btu/lb

Percent Run Time PRT _percent

Building

[ Check here if Chiller uses stem,.
Heating Fuel Type: choice list

Vaible Description Symbol Value Units

Heating Value of Fuel HV Btu/.

Mod Comb Thermal Transmitance UoAo Btu/hr.*F

Total Air Infiltration I cfrn

Gross Floor Area Af tft

Building Thermal Transmission BTT ** Btu/hr.ft' .&F

Heating Fuel Type:

Electricity (at the meter) 3413 Btu/kWh
Elecricity (at point of generation) 11,600 Btu/kWh
Fuel oil, distillate #2 138,890 Btv/gallon
Fuel oil, residual #6 149,690 Btu/gallon
Natural gas (methane) 1,025 Btu/cf
Propane, gas 2500 Btu/cf
Propane, liquid 91.500 Btu/gallon
Bituminous coal 26,260,000 Btu/short ton
Steam (at poi of consumption) 1000 Btu/Ib
Stuoam (at point of generation) 1390 Btu/Ib

• BTT is calculated by the program,.

Page of 2-16



Applicable Systems

iA. Single Zone AHU D. Multizone AHU G. Two Pipe Fan Coil Unit
B. "Terminal Rehea2 AHU E. Single Zone DX.A/C H. Four Pipe Fan Coil Unit

i C. Vauiable Volume AHUJ F. Multi-zone DX-A/C

Systemn Data Entry

Systom Description.

Vriable Description Symbol Value Units

Ame of zone Az ___ fts

Winter thermostat setpolnt, occupied WSP * F
Low temperature limit LTL * F

Heating operation without EMCS Hh hours/week

Heating operation with EMCS HhEMCS hours/week

Heating system efticincy HSE _ __ decimal

Summer thermostat setpoint, occupied SSP OF

Return air enthalpy when unoccupied RAE Btu/lb

Cooling operation withou EMCS Hc - hours/week

Coolin operation with EMCS HcEMCS hours/week

Cooling energy consumption per ton CPT ___

Supply air capacity CFM - ~
Present fration of outside air used POA - decimal

Equipment motor horsepower HP hp
Equipment motor load factor L decimal

Zone occupied hours OH hours/week

Duty cycling shutdown time OCST percent

Dema~nd limiting shed time DLST percent

Winter thermostat setpoint reset WSPR __F_

Winter setpoint equipment operation Hwsp ____ hours/week

Summer thermostat setpoint rese SSPR O

Summrer setpoint equipment operation Hasp hours/week

.~ ' kW/ton or lb-ton/hr
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GROUP BUIDIN SYSTE

SA. 81ngt Zonw , U D. Muk-zone AHU G. Two P"p Fan Coll UnitI I

a 1. Terminal Rheat AHU E. Single Zone OX-A/C H. Four Pipe Fan Coil Unit
C. Vaable Volume AHU F. Mul-zone DX-A/C

System Data Entry (continued)

Shutdown system when bldg unoccupied? Y or N

Present warmup time before occupancy WU hours/day

Hearing equipment operating schedule Dh days/week

Cooing equipment operating cheJule Dr "F

Purge time be•oe ocupacy PT _ _ F

Fraction of total air ohu hot deck Phd decimal

Hrx/cold deck equipment operation Hhc -Oouir/waek

Summer hot deck reset SHDR OF

Winte hot deck raew WHDR "F

Fracton of total air thru cold deck Pod decimal

Summer cold deck reset SCOR "F

Reheat cooling coil discha.-ge reset RHR OF

Optimun start/stop hwang swAngs MBaw

Optimm samt/stop htg-vent savins _ __ Matu
Optimum start/stop htg am svng k•Mh
Optimum stairt/stop cooing savings MBtu or kWh

Optimrum •r/lstop dg-vent savings MBtu o" kWh

Optimum sta/stop cdg ax sa•ngs kwh

Economizer cooling savings MBtu or kWh

6
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I GROUP [BUILDING SYSTEM

e ~App•=" Systems

i A. SWOUWl Zone AHU D. Multi-zona AHU G. Two Pipe Fan Coil Unit •

B. Termna Reheat AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit
, C. Vaable Volume AHU F. Mulli-zone DX-A/C

System Data Entry (continued)

Scheduled ozar/stop laor savings mh

Optimum start/stop labor savings mh

Duty cycling labor savings mh

Demand limiting labor savings mh mh

Day/night setback labor savings mh mh

Economizer labor savings mh

Vent/recirc labor savings mh

Hot deck/cold deck labor savings mh

Reheat colt labor savings mh

Run time record'Ag labor savings mh

Safety Wm labor savings mh

System Strategy Selection and Annual Savings

[ Scheduled Start/Stop []Run Time Recording

[ oplmm Start/Stop W []*sfy Alarm
Duty Cycling

Demand Urmiting

Day/Night SeMack

Economizer

Ventilation/Recirculation

I S Hot/Cold Deck Reset

Rehea Coil Reset
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G OUP I BUILDING SYSTEM

Applicable Systems

SI. Electric Unit Hea L DOec: Fired Furnace T. Steam/Hot Water Converter* J. Electric Radiion M. Direct Fired Boiler V. HTHW/Hot Water Converter

1 K. Hotng//Ventilefing Unit 0. Hot Water Radialion

System Dat Entry

System Descrio

Variable Description Symbol Value Units

Area of zone Az ft,

Winter thermostat setpoint, occupied WSP *F

Low temperature limit LTL OF

Heating operation without EMCS Hh hours/wook

Heating operation with EMCS HhEMCS hours/week

Heaing system efficiency HSE decimal

Supply air capacity CFM cfn

Presen faction of outside air used POA decimal

Equipment motor homepower HP hp

Equipment motor load factor L d.rainml

Zone occupied hours OH hurs/week

Power rating of resistarne unit PWR Kw

Duty cycling shutdown time DCST pecent

Demand kimfting shed time DLST percent

Winter thermostat setpoint reset WSPR "F

Winter zetpoint equipment operation Hwsp hours/week

Shutdown system when bld9 unoccupied? Y or N

Present warmup tirns befor occupancy WU hours/day

Hesting equipment operating schedule Dh days/week

Purge time before occupancy P1T minutes

Total Input rating of boilers CAP Btu/hr

Heating system efficiency inease OAEI decimal
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- = BUILDING ISYSTEM
O Applicable Systems

1I. Electrc Unit Heater L Direct Fired Furnace T. Steam/Hot Water Converter
SJ. Electric Radiation M. Girect Feed Boiler V. HTHW/Hot Water Converter

K Hoting/Ventilatg Unit Q. Hot Water Radiation

System Data Entry (continued)

Optimum stan/stop cooling savings MBu cr kWh

Optimum start/stop cg-vent savings MBtu or kWh

Optimum start/stop cg; aux savings kWh

Schoduled start/stop labor savings mh

Optimum start/stop labo savings mh

Duty cycling labor savings mh

Demand limiting labor savings mh

Day/night setback labor savings mh

Vent/recare labor saving3 mh

HW outside ar rset labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh

System Strategy Selection and Annual Savings

[ ] Scheduled Start/Stop

[] Optimum Stant/Stop

[ ] Duty Cycling

[ Demand Uniiting

u] Day/Night Setback

[] Vntilation/Recirculation
[ HW OA Reset

[ Run Time Recording

[ Safety Alarm
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GROUP BUILDING SYSTEM

Apliable Systemns

N. Smma Unit Heater P. Steam Radiation
1 O. Hot Water Unit Heater U. HTHW/Stesm Converter

System Data Entwy

System Descrpton

Variable Desculption Symbol Value Units

Area of zone Az ft,

Winter thOrmstat setpoint, occupied WSP OF

Low temperatu• flnit LTL *_F_

Winter thermostat set point reset WSPR - F

Winter setpoint equipment operation Hwsp hours/week

Heat6n system efficiency HSE decimal

Day/mnght setbac* labor savings mh

Run time recoring labor savings mh

Safety alarm labor savings mh-G

System Strategy Selecion and Annual Savings

[ aOy!Nit Setback

[ Run Time Recording

Sahty Aemm
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GROUP BOUILDING SYSTEM

Applicable Systems

i R. Steam Boller S. Hot Water Boiler

System Data Entry

System Description:
m- -

Variable Description Symbol Value Units

Heating system efficiency HSE decimal

Total input rating of boilers CAP Btu/hr

Boiler conversion efficiency increase BCEI decimal

Heating system efficiency increase OAEI decimal

Steam boiler selection labor savings mh

HW boiler selection labor savings mh

HW Outside air reset labor savings mh

Run time recording labor savings mh

Safety alarm labor saving_ mh

System Strategy Selection and Annual Savings

[I Boiler Selection

F ] SteH Boiler Selection

[]HW OA Reset

[ Run Time Recording

(] Safety Alerm
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GROUP : BUILDING -- SY-STEM

_ ~Applk~c" Systern~s

W. Water Cooled DX Compressor Y. Air Cooled Chiller
X. Air Cooled DX Compressor Z. Water Cooled Chiller

System Data Entry

System Description:

Variable Description Symbol Value Units

Cooling operation without EMCS Hc hours/week

Cooling operation with EMCS HcEMCS hours/week

Cooling energy consumption per ton CPT **

Equipment motor horsepower HP np

Equipment motor load factor L decima!

Zone occupied hours OH houm/wk

Duty cycling shutdown tirrme DCST percent

Demand limiting shed time DLST percent

Tota capacity of chillers TON tcors

Chiller selecdon effcency Increase CSEI percent

Chiller waer temperature rset CWTR "F

Chiller type choice list

Present condenser water temperatura PCWT F

Present fan operation choice list *

Centrifugal chiller motor horsepowar CHP hp

Centrifugal chiller motor efficiency CME decimal

Step down percent of capacity SDC percent

Step cdown percent of time SDT percent

Optimum start/stop cooling savings MBtu or kWh

Optimum start/stop cig-vent savings MBtu cr kWh

Optimum strm/stop cIg aux savings kWh

** kW/ton or lb-ton/hr
"Chiller types: (1) Centrifugal (2) Absorbtion (3) Redprocal (4) Screw Comp

* Present fan operation (1) Fan now cycles (0) Fan now runs continuously, but will cycle
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[GROUP BUILDING SYSTEM

S Applicables System=

i W. W atr ol ed• DX C omprm omr Y. Air Cole Chiller

i X. Air Cooled DX Comprso 7Z. Water Cooled Chiller '

System Diaa Entry (continued)

Scheduled otart/stop labor savings mh

Optimum start/stop labor savings mh

Duty cyclng l abor _ mh

Demand limiting labor savings mh

Chier selection labor savings mh

Chiller water reset labor savings mh

Condenser water reset labor savings mh

Chiller demand limit labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh
- -

System Strategy Selection and Annual Savings

)Schedule Stan/Stop

]Optimum Start/Stop

]Duty Cycling

]Demand Limiting

Chiller Selection

]Chiller Water Temp Reset

] Condenser Water Temp Reset

] Chiller Demand Umit

[ c] Run Time Recording [ Safety Alarm
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GROUP BUILDING SYSTEM

Applicable Systems

a A lUghtng Conrol

System Data Entry

System Description:

Varibe Dftion Symbol Value Units

Tol powr consumption of lights TOI kW

Lighting operation without EMCS HI hours/week

Lighting operation with EMCS HIEMCS hours/week

lighting control lb svings mh

Run time recording labor savings mh

Safety alarm labor savngs mh

I

Syste Strteg Selecton and Annual Savings__2

EfII 
"- 

I I Ligtin 

Coto

I [ ] Rir Time Recording
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Section III. ESA COMPUTER PROGRAM

3-1 INTRODUCTION. The Energy Savings Analysis (ESA) computer
program largely automates the procedures outlined in the Energy
Monitoring and Control Systems Savings Manual. The program requires
minimal computer knowledge and is designed to guide the user while
not suppressing creativity.

ESA is, for the most part, designed to work without referencing the
manual; HOWEVER, the manual does have additional information and may
be of great help if problems are encountered. Context-sensitive help
is available within the program by pressing F1 at any point. This
help supplements the brief function description shown at the bottom
of the screen.

Several files can be customized by the user to meet individual
requirements. See paragraph 3-5.

3-- PACKING LIST. The following files are included on the ESA

program distribution disk:

CLIMATE .100 Climate data. See paragraph 3-5.1.

DEFAULTS.100 Prcgram data non-zero defaults. See paragraph
3-5.2.

ESA .BAT Batch file which may be used to start the

program.

ESACL .100 Choice list file. See paragraph 3-5.3.

ESAHELP .100 Help file. See paragraph 3-5.4.

ESA100 .EXE Main program. Do not modify.

ESA100 .VVD Screen file. Qgfnot modify.

README .100 Last-minute information which didn't make it into
the manual (if any).

3-3 HARDWARE REQUIREMENTS. The following is the minimum recommended
hardware to run the ESA program:

0 IBM AT class cowputer or compatible
* EGA color monitor
• 640 KB RAM with 520 KB free
• MS-DOS 3.3
* Hard drive with 500 KB free. Additional space will be needed

when data files are written to the hard drive.
* Printer

0
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3-4 GETTING STARTED. The ESA program may be loaded in any directory
desired by the user. The following instructions are an example and
assume that you are using floppy drive A for your program diskette,
hard drive C for your working disk, and hard drive program
subdirectory ESA. Make drive and subdirectory selections appropriate
to your situation.

* Make a backup copy of the program diskette.

Place the program diskette in floppy drive A. From the DOS
prompt, type each of the following commands ending each command
by pressing the Enter key. Do not type in the comments shown to
the right of each command.

C: <enter> Changes to the C drive.
CD\ <enter> Changes to the root directory.
MD ESA <enter> Creates the ESA subdirectory.
CD ESA <enter> Changes to the ESA subdirectory.
COPY A:*.* <enter> Copies all files from the program

diskette to the ESA subdirectory on the
hard drive.

ESA1O0 <enter> Starts the program.

The program may also be started from the ESA.BAT batch file which can
be placed in any directory on the DOS path. Use any plain text
editor to change the C:\ESA path in the batch file if necessary.

3-5 MODIFYING FILES. It is HIGHLY RECOMMENDED that you make backup
copies of files before performing any modifications and DO NOT modify
any files on the program diskette.

3-5.1 CLIMATE.100 contains the climate data which is accessed when
the user chooses a location from the ESA program. Data is generated
using the methods discussed in Section IV of this manual. The
Location Field may contain up to 30 characters.

If a factor does not apply due to equipment operating constraints or
lack of data within the specified temperature range, enter NA in the
field. The program recognizes NA and will use appropriate numbers
(not necessarily zero) internally to null-out any calculatioias which
use the factor.

Note: When NA is entered in the CLIMATE.100 file, the
corresponding field in the ESA program will be inaccessible
to the user. If NA is no longer appropriate, either revise
the CLIMATE.100 file entry or enter a new location with new
data from within the ESA program. If climate data is being
entered from within the program, NA may not be entered
directly; instead, refer to the help file for instructions
by pressing the Fl key.

3-2



CLIMATE.100 is written in ASCII and may be addad to or modified using
any plain text editor but must maintain the following format:

'- 30 characters maximum v Comments...
Location: AL, Huntsville

ACWT: 76.0
ANDW: 230

AST: 76.7
AWT: 46.7

CFLH* 956
HFLH: 408

WKC: 19.8
WKH: 27.3
OAE: 32.73
PRT: 7.5

3-5.2 DEFAULTS.100 contains program data non-zero defaults. The
file is written in ASCII and may be modified using any pla4 n text
editor. The user may want to modify these values while working on
large projects to avoid having to change default data on every input
screen.

3-5.3 ESACL.100 is the choice list file for Fuel Type, Heating
Value, Fuel Units, Chiller Type, arid Chiller Fan. A typical listing
follows:

*Fuel type
Electricity 3,43.3 Btu/kWh
Fuel oil, distillate #2 138,690 Btu/Val
Fuel oil, residual #6 149,690 Btu/gal
Natural gas (methane) 1,025 Btu/cf
Propane, gas 2,500 Btu/cf
Propane, liquid 91,500 Btu/gal
Bituminous coal 26,260,000 Btu/ST
Steam 1,000 Btu/lb

ESACL.100 is written in ASCII and may be modified using any plain
text editor. You can add to or modify entries for fuel type, heating
value of fuel, and fuel units by editing this file. The file may be
up to 50 lines long.

WARNING! Do not modify chiller type or chil1fan da

3-5.4 ESAHELP.100 contains the Help file and is accessed with the F1
key. A typical listing follows:

*BMnFile.Quit
Quit this program. Choose to save or discard changes to the
current file.

ESAHELP.100 is written in ASCII and may be customized using any plain
text editcr. The file may be up to 1200 lines lcng.
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3-6 GENERATED FILES.

3-6.1 A PRINTER.100 file is generated and placed in the ESA program
subdirectory whenever the printer configuration is saved. Although
the default settings will work with most printers, the program should
be configured for your printer. See Figure 3-4 for details.

3-6.2 Each base name generates a subdirectory off of the program
subdirectory. Each building generates files with the name format
BUILDING.??# where BUILDING is the building number, ?? are the first
two characters of the extension, and # is the case number. For
example, for a program subdirectory called ESA on hard drive C, a
base named HUNTSVLE, building Q33, test case 7, and a base named
ADAK, building 24663F14, test case R, the program will generate this
file structure:

C- ESA
---- HUNTSVLE
I I- Q33.DL7

Q3 3 .ES7
Q33.SM7

-ADAK
E 24663F14.DLR

24663FI4.ESR
24663F14.SMR

3-6.2.1 BN.D7,# is generated when a detailed report is sent to the
screen, disk, or printer. If program data is changed, this file will
need to be re-generated.

3-6.2.2 BN.ES# contains program data. Do not mgdify.

3-6.2.3 BN.SM# is generated when a summary report is sent to the
screen, disk, or printer. If program data is changed, this file will
need to be re-generated.
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3-7 GENERAL PROGRAM SCREENS. The following pages contain a
description of general program inputs. This information is also
available using the context-sensitive help key F1.

Note: Refer to Section II for reproductions of variable
data input screens. Refer to Appendix A for a description
of the variables.

File Input Out ut Hel uit ESA

New..'. .....

.~.&.x"t .k.. .

O p e n . . . f *i ̀i . X :

U. ............... .... . ..

Save k i I
Save As...

Info....... .

Quit

Figure 3-1. File Screen

File Select operations related to the current file.

New Create a new file. If changes have been made to the current
file and you have not saved the changes, you will be asked if you. wish to abandon the current file.

open... Open a file that already exists on the disk. If changes
have been made to the current file and you have not saved the
changes, you will be asked if you wish to abandon the current
file.

Base Name: Enter an existing Base Name or press the F2 key for
a choice list.

Building Number: Enter an existing Building Number or press
the F2 key for a choice list.

Case Number: Enter an existing Case Number or press the F2 key
for a choice list.

Save Save the current file to disk using the current base name,
building number, and case number.

Save As... Save the current file to disk using a new base name,
building number, or case number.

Base Name: Enter a Base Name consisting of up to 8
alphanumeric characters with no spaces or press the F2 key for
a choice list.
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Buildiung Number: Enter a Building Number consisting cf up to 8
alphanumeric characters with no spaces or press the F2 key for
a choice list.

Case Number: Enter a Case Number consisting of any
alphanumeric character or press the F2 key for a choice list.

Description: Optional -' Enter the file description consisting
of up to 60 characters.

Xnfo... Show information about the current file.

Base Name, Building Number# Case Numbers Description.

Quit Quit this program. if changes have been made to the current
file and you have not saved the changes, you will be asked if you
wish to abandon the current file.
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File Input Output HelE u.SA

Location .. ~.: I
Climate .0 . ..............

Building ...
System.,.

Figure 3-2. Input Screen

Input Select the input data categories.

Location Retrieve climatological data which has been pre-
calculated for a specific time period and stored in the file
CLIMATE.100. After leaving this help facility, press the F2 key
for a choice list.

-- Or- -

Enter a new location here followed by climatological data using
the Climate option below. A location entered here will be
associated with THIS FILE ONLY. To add data to the CLIMATE.100
file, see Section III of the EMCS Savings Calculations Manual.

Climate Review or modify climatological data which has been pre-
calculated, otored in che file CLIMATE.100, and selected using the
Location option above.

O ~--,OR--

Entered climatological data for the new location specified using

the Location option above.

-- IN EITHER CASE--

Modified or new data will be associated with THIS FILE ONLY. To
add data tn the CLIMA.TE.100 file, see Section III of the EMCS
Savings CLIculations Manual.

Refer to Section II for reproductions of variable lata input
screens. Refer to Appendix A for a descripticn of the
variables.

Building Enter the building data as outlined on the subsequent
screens. These parameters may be calculated using methods
described in Section IV of the EMCS Savings Calculations Manual.

Check here if chiller uses steam Check this box if the system
chiller is steam driven. Don't check this box if the system
chiller is electric. If there is no system chiller, it doesn't
matter whether this box is checked or not.

3-7



Beating Fuel Type Select the type of fuel used to heat the
boiler(s). Press the F2 key for a choice list.

Refer to Section II for reproducvions of variable data input
screens. Refer to gXppondix A for a description of the
variables.

System...s which are being considered for
the EMCS. For additional information on EMCS systems, refer to
Energy Monitoring and Control Systems, Manual TM-815-2/NAIFAC
DM-4.09/ AFM 83-36.

System Data Entry

System Description Enter the system description including
the type/name/number/location as appropriate.

Refer to Section II for reproductions of variabie data input
screens. Refer to Appendix A for a description of the
variables.

System Strategy Selection and Savings Use the space bar to
select the desired strategies. Individual strategy savings and
total selected savings are displayed.
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File inout output Help Quit ESA

Screen
* Printer Detailed report

Disk Summary report

• . ...v .% :. ... -. v v ..... ".....'.'. .. . v ...... .. .• .- ., . .'.. .-.v . ....
Config ...•...

Figure 3-3. Output Screen

Output Select output format.

screen View output report on monitor screen. Any output sent to
the screen will automatically be saved to disk. For additional
information, see Disk below.

Detailed report This choice will display a report containing
both the input data used and the resultant energy savings.

summary report This choice will display a report containing
only tne energy savings resulting from the calculations.

Printer Print output report. Any output sent to the printer will
automatically be saved to disk. For additional information, see
Disk below.

Detailed report This choice will send a report, containing both
the input data used and the resultant energy savings, to your
printer. Choose OTTPUT, SCPEEN to view the report prior to
printing.

Summary report This choice will send a report, containing only
the energy savings resulting from the calculations, to your
printer. Choose OUTPUT, SCREEN to view the report prior to
printing.

Disk Write output report to disk file. Files are saved to the
subdirectory with the same name as the base under the main program
directory (typically ESA). For example, files for the base named
HUNTSVLE would be stored as follows:

C:\ESA\HUTNTSVLE\<filename>

Detailed report This choice will print a report, containing
both the input data used and the resultant energy savings, to
disk. Choose OUTPUT, SCREEN to view the report prior to
printing.

Summary report This choice will print a report, containing
only the energy savings resulting from the calculations, to
disk. Choose OUTPUT, SCREEN to view the report prior to

* printing.
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rile In ut Output Help Quit ESA
.. ............ •....U...S.U..... •.'°......... ................. ......•+ i•/. .+il cree l . i... * ..~ •....s ... .... ••...•......****.* ... ..... ......... U............~ creen . ...:: .~

Printer Setup

[X] PC line drawing character set .

Page Margins
Width: 80 Top: 6 Left: 2 Header: 2

Length: 60 Bottom: 6 Right: 2 Footer: 2

Strings
Header: tfn>ll<fd> <ft>
Footer: 1-<pg>-initial:

Terminal:
Okay Cancel

Figure 3-4. Configuration Screen

Config Configure the printer for printing the report.

PC line drawing character set Check this box if your printer
supports the PC line drawing character set. If this box is not
checked, only ASCII characters will be used for the printed
reports.

Page Width The page width is represented by the number of
characters that could fit on cne line of a page with no
margins. This value will depend on the size and orientation of
the paper, and on the printer font size used.

Top Margin The top margin is the number of lines (blank lines
plus header line) frota the first possible line at the top of
the sheet to the actual first line of printed text in the body
of the report.

For example, if the priLter line spacing is set at 6
lines/inch, then the default value of 6 will provide a top
margin of 1 inch. Note that laser printers usually cannot
print closer than 0.25 inches to the edge, so the default value
would provide a top margin of about 1.25 inches in this case.

Left Margin The left margin is the number of characters from
the left side of the sheet to the first character that can be
printed on a line.

3
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Reader Margin The header margin is the number of blank lines
following the header line to the first line of printed text in
the body of the report. If the header line is blank, the
header margin value has no effect.

Pago Length The page length is represented by the number of
lines of text that could fit on a page with no margins. On
laser printers, the page length is usually in the range of 60
to 66 for portrait mode. On dot-matrix printers, the page
length is usually 66.

Bottom Margin The bottom margin is the number of lines (blank
lines and footer line) from the last line of text in the body
of the report that can be printed on a page to the last
possible line at the bottom of the sheet.

Right Margin The right margin i6 the number of characters from
the last character that can be printed )n a line to the zight
side of the sheet.

Footer Margin The footer margin is the number of blank lines
from the last line of text in the body of the report that can
be printed on a page to the footer line. If the footer line is
blank, the footer margin value has no effect.

Reader String Enter text to be printed at the top of each
printed page. The text string has the format of: textl I text2
1 text3, where the vertical bars delimit text that is left,
centered, and right justified. In addition, tokens can be used
to indicate other information as follows:

<fn> - file name <fd> - file date
<pg> - page number <ft> - file time
<1> - vertical bar <sd>- - system date
<<> - left angle bracket <st> - system time

Example: <fn>ll<fd> <ft> means to print the name of the file
left justified and to print the file date and file time right
justified on the header line.

Footer String Enter text to be printed at the bottom of each
printed page. The text string has the format of: text1 I text2
I text3, where the vertical bars delimit text that is left,
centered, and right justified. In addition, tokens can be used
to indicate other information as follows:

<fn> - file name <fd> - file date
<pg> - page number <ft> - file time
<1> - vertical bar <sd> - system, date
<<>- left angle bracket <st> - system time

Example: '-<pg>-' means to print the page number centered on

the footer line.

0
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Initial String Enter a data string to be sent to the printer
when printing starts. The reports needs to be printed using a
fixed width font such as Courier. If you need to set your
printers font, this is the place to do it.

Tokens can be used for data that can not be represented by
printable ASCII characters. The following tokens can be used:

<e> or <esc> - escape character
<0> thru <254> - ASCII value
<<> - left angle bracket

Example: <esc>E means, on certain laser printers, to reset the
printer.

Terminal String Enter a data string to be sent to the printer
when printing ends. Tokens can be used for data that can not
be represented by printable ASCII characters. The following
tokens can be used:

<e> or <esc> - escape character
<0> thru <254> - ASCII value
<<> - left angle bracket

Example: <esc>E means, on certain laser printers, to reset the
printer.
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File Help Quit ESA

a Context help
Keyboard

SAbout... . .*..........

:• :-:•:• : ................. ...........:,•

Figure 3-5. Help Screen

Relp Select help topics.

Contezt help Get information on the help facility.

Keyboard Get information about the use of the keyboard in the
program.

About... Get information on this program.

Quit Quit this program after choosing to save or discard changes to
the current file (if any).

The following function keys are available while on a MENU screen:

Alt-Fl While in the help function (Fl), toggles between split

screen and full screen display.

Ctrl-End Moves the selection bar to the last item on the menu.

Ctrl-xome Moves the selection bar to the first item on the menu.

Ctrl-B Saves the file to disk using current file name.

Down Arrow Moves to the item located below the current item.

Enter Invokes the action specified for the selected item.

Esc Moves to the previous menu.
FP Invokes the system help function, if enabled.

Left Arrow Moves to the item located to the left of the current
item.

Right Arrow Moves to the item located to the right of the current
item.

Up Arrow Moves to the item located above the current item.
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The following function keys are available while on a DATA screen:

Alt-Ft While in the help function (FI), toggles between splitl
screen and Cull screen display.

Backspace Deletes the character to the left of the cursor.

Ctrl-End Moves to the last item on the form.

Ctrl-Home Moves to the first item on the form.

Ctzl-8 Saves the file to disk using current file name.

Alt-D Deletes current record.

Alt-I Inserts new record.

Alt-N Moves to next record.

Alt-? Moves to previous record.

Del Deletes the character at the current cursor position.

Down Arrow Moves to the next item located physically below the
current one.

End Moves the cursor to the end of the field.

Enter Xf a data field, enters the data into a field; if a
button, invokes the action specified for the button.

3so Quits the form, abandoning any changes made to the

71 Invokes the system help function, if enabled.
F2 Processes the attached choice list, if any, for the

current field.

76 Clears the field.

F7 Moves to the previous item on the form.

Fas v -e..a next item on the form.

Fl0 Exits the form, saving any changes made to the form.

Home Moves the cursor to the beginning of the field.

Ins Toggles .-ween insert and overstrike mode.

Left Arrow Moves the cursor one position to the left.
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Page Down Moves cursor to record summary screen. Press again to
move cursor to choice buttons.

O Page Up Returns cursor to field which was exited when Page
Down was pressed.

Right Arrow Moves the cursor one position to the right.

Uhift-73 Clears the field and displays the original value in
the field.

Shift-76 Clears from the cursor to the end of the field.
Shift-F7 Goes to the previous form in a list of form pages.

Shift-y8 Goes to the next form in a list of form pages.

Shift-Tab Moves to the previous item on the form.

Space Toggles the strings for boolean toggle fields, if
enabled for field.

Tab Moves to the next item on the form.

Up Arrow Moves to the next item located physically above the
current one.
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Section IV. FACTOR CALCULATIONS

4-1 INTRODUCTION. This section describes the development of factors. which are based on the location's climate and building
characteristics. The information is presented so that the user can

"* Understand the source of the climate and building factor1s used
in the ESA program.

" Develop factors for locations which are not currently contained
in the ESA program.

4-2 BACKGROUND. The factors in this section must be determined for
use in the savings calculations. The climate related factors use
data from Engineerina Weather Data, AFM 88-29/TM 5-785/NAVFAC P-89.
This is generalized data which will yield acceptable results.

FOR GREATER ACCURACY. ACTUAL WEATHER AND OPERATIONAL
DATA FOR THE FACILITY SHOULD BE USED IF AVAILABLE.

For example, if a base has a yearly schedule for running boilers from
1 November to 15 March and chillers from 20 May to 30 September, then
those time periods should be used for the Weeks of Heating (WKH) and
Weeks of Cooling (WKC).

4-3 HOW TO USE THIS SECTION. The following information is presented
for each factor to be calculated.

* APPLICATION lists the EMC3 calculations where the factor will be
used.

SBASIS describes any initial conditions or assumptions made for
the calculation.

a REQUIPED DATA describes the information required for the
calcii.,ation and where to find it.

* EXAMPLE CALCULATION demonstrates the calculation procedure based
on conditions, assumptions, and data mentioned above. The
example uses climatological data from the Springfield MAP,
Missouri.

4-4 FACTOR CALCULATIONS. For clarity, factor calculations are
explained using examples. Climate based factors for any location in
the Engineering Weather Data manual can be derived in a manner
similar to the examples.
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4-4.1 ACVWT - Average Entering Condenser Water Temperat .c.

*APPLICATION: Condenser Water Temperature Reset Savings Calculation.

This procedure determines the average entering condenser water
tempe:xature which can be obtained from a cooling tower during the
cooling season at a given lozation. The calculated value can be used
for any cooling tower in the same geographic location.

BASISz Calculated during normal operating time period of 0900-1600
for temperature ranges above 55"F. Assumed approach
temperature - 106F. This is the difference between the outside air
wvt bulb temperature and the entering condenser water temperature due
to heat gain from pumps, friction, and ambient conditions.

REQUIRED DATA: Using Enaineering Weather Data,

1. In Chapter 3, find Total Annual Mean Coincident Wet Bulb (MCWB)
temperatures for dry bulb temperature ranges above 550F.

2. In Chapter 3, find 0900-1600 Annual Total Hours for
cozresponding MCWB temperatures.

EXAMPLE CALCULATION: The fcllowing example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Condenser Water Temperature and Condenser Water Degree
Hours for each MCWB Temperature.

Condenser
Anrz Water 0900-1600 Condenser

Temp Total Temp Annual Water
Range MCWB Temp (MCWB+10") Total Degree>55"F lIz :z Hours Horms
,10/114 77 87 * 0 = 0

105/109 74 ?4 * 1 = 84
100/104 74 84 * 4 - 336
95/99 74 84 * 39 = 3276
90/94 74 84 * 121 = 10164
85/89 72 82 * 232 = 19024
80/14 70 80 * 295 = 23600
75/79 68 78 * 279 = 21762
70/74 66 76 * 272 = 20672
65/69 62 72 * 228 = 16416
60/64 57 67 * 204 - 13668

55/59 52 62 *1122
TOTALS 1856 140224

hr/yr "Fehr/yr

2. ACWT = Condenser Water Degree Hou = 140224"F.hr/vr = 75.6"F

E Annual Total Hours 1856 hr/yr
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4-4.2 ANDW - Annual Number of Days Reguirina Mornina Warmu2.

APPLICATION: Ventilation and Recirculation Savings Calculations.

DlBiS: Calculated during normal start-up time period cf 0100 to 0800
fPr temperature ranges below 650F when boiler is available. NDW is
limited by boiler availability; use scheduled days of boiler
operation if less than ANDW.

REQUIRED DATA: Using Enaineerina Weather Data,

1. In Chapter 3, find 0100-0800 Annual Total Hours for specified
temperature ranges.

EZXMPL CALCLATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual Total Hours.

Temp 0100-0800
Range Annual Total<656" our

60/64 315
55/59 235
50/54 208
45/49 206
40/44 219
35/39 235

30/34 237

25/29 195
20/24 107

15/19 74
10/14 46

5/9 19
0/4 13

-5/-1 4
-l0/-6
TOTAL 2114

hrs/yr

2. ANDW E E Annual Total Hours = 2114 hrs/vr = 264 days/yr
8 hrs/day 8 hrs/day
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4-4.3 AST - rverage Summer Temnerature..APPLICATZON: Scheduled Start/Stop Savings Calculation.

BASZS: Calculated during normal off-time periods of 0100-0800 and
1700-2400 for temperature ranges above 70"F.

REQUIRED DATA: Using Engineering Weather]Dt,

1. In Chapter 3, find 0100-0800 and 1700-2400 Annual Total Hours
for specified temperature ranges.

2. Determine mean temperatures for each temperature range.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calcule.te Annual Summer Degree Hours for each Mean Temperature.

Mean
Temp 0100-0800 1700-2400 Annual

Temp Per 5" Annual Annual Summer
Range Range Total Total Degree
SQZa Haors Hours
95/99 97.5 * (0 + 9) = 877.5
90/94 92.5 * (0 + 32) = 2960

85/89 87.5 * (4 + 78) = 7175
80/84 82.5 * (29 + 151) = 14850
75/79 77.5 * (1G5 + 252) 27667.5
70/74 72.5 * i2 + 3= 45602.5

TOTALS 442 847 99132.5
hr/yr hr/yr "F.hr/yr

2. AST Z Anntia m Deareeor
Z All Annual Total Hours

= • .5'Fhr/vr = 76.9'F
(442 + 847) hr/yr
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4-4.4 AWT - Average Winter TemPerature.

?JPPLICKTION: Scheduled Start/Stop and Ventilation and Recirculation
Savings Calculations.

32818: Calculated during 24 hour time period for temperature ranges
below 650F.

RZQUIRED DATA: Using Engineerina Weather Data,

1. In Chapter 3, find 24 hour Annual Total Hours for specified
temperature ranges.

2. Determine mean temperatures for each temperature range.

ZXMPLZ CALC•ALTION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Annual Winter Degree Hours for each Mean Temperature.

Mean Temp Annual
Temp Per 5" Annual Winter
Range Range Total Degree
<65-F IE H ar
60/64 62.5 * 768 = 48000
55/59 57.5 619 = 35592.5
50/54 52.5 * 598 - 31395
45/49 47.5 * 608 28880
40/44 42.5 * 603 - 25627.5
35/39 37.5 * 606 = 22725
30/34 32.5 * 577 = 18752.5
25/29 27.5 * 412 11330
20/24 22.5 * 240 5400
15/19 17.5 * 141 2467.5
10/14 12.5 * 85 1062.5
5/9 7.5 * 39 292.5
0/4 2.5 * 21 52.5

-5/-1 -3.5 * 6 -21
-10/-6 -8.5 * -8.5

TOTALS 5324 231548
hr/yr "F.hr/yr

2. AWT E E Annual Winter DeQree Hours - 231548"F-hriyr = 43.50F
E Annual Total Hours 5324 hr/yr
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4-4.5 CFLH - Annual EAuivalent Full-Load Hours for Cooling.

* APPLICATION: Chiller Selection, Chiller Water Temperature Reset,
Condenser Water Temperature, and Chiller Demand Limit Reset Savings
Calculations.

BASIS: Calculated during 0900 to 1600 time period for temperature
ranges equal to or above 654F. CFLH is limited by chiller
availability: use scheduled days of chiller operation if less thanCFLH.

REQUIRED DATA: Using E-Lcneerina Weather Dat4,

1. In Chapter 1 or 2, find 2.5% Summer Design Data Dry Bulb
Temperature.

2. In Chapter 3, find 0900-1600 or 24 hour Annual Total Hours for
specified temperature ranges.

3. Determine mean temperature for each temperature range.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1), for the 0900-1600 time
period.

1. 2.5% Summer Design Data Dry Bulb Temperature (SDDDPT) = 93F.

2. Calculate Cooling Degree Hours for each Mean Temperature.

Mean Temp Mean 0900-1600
Temp Per 5" Temp Annual Cooling
Range Range minus Total Degree
>_65"F LE 6 Hours Hours

105/109 107.5 42.5 * 1 = 42.5
100/104 102.5 37.5 * 4 = 1.50
95/99 97.5 32.5 t 39 = 1267.5
90/94 92.5 27.5 * 121 = 3327.5
85/89 87.5 22.5 * 232 = 5220
80/84 82.5 17.5 * 295 = 5162.5

75/79 77.5 12.5 * 279 = 3487.5
70/74 72.5 7.5 * 272 = 2040
65/69 67.5 2.5 * 228 =70

TOTAL
21267.5

"F-hr

3. CFLH E Cooling Degree Hours = 21267.5F'hr = 760 hr/yr
SDDDBT-65"F 93"F-65"F
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4-4.6 HFLH - Annual Equivalent Full-Load Hours for Heating.

APPLICATION: Boiler Selection and Hot Water Outside Air Reset
Savings Calcula,%tion.

BASIS: Calculated during 0900-1600 time period for temperature
ranges below 656F. HFLH is limited by boiler availability; use
scheduled days of boiler oneration if less than HFLH.

REQU1RED DATA: Using Enaineering Weather Data,

1. In Chapter 1 or 2, find 97.5% Winter Design Data Dry Bulb
Temperature.

2. In Chapter 3, find 0900-1600 or 24 hour Annual Total Hours for
specified temperature ranges.

3. Determine the mean temperature for each temperature range.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1), for the 0900-1600 time
period.

1. 97.5% Winter Design Data Dry Bulb Temperature (WDDDBT) = 9".

2. Calculate Heating Degree Hours for each Mean Temperature.

Mean Temp 65" 0900-1600
Temp Per 5" Minus Annual Heating

Range Range Mean Total Degree
< F if Tem Hours Hours
60/64 62.5 2.5 * 204 510
55/59 57.5 7.5 * 181 1357.5
50/54 52.5 12.5 * 182 = 2275
45/49 47.5 17.5 * 191 = 3342.5
40/44 42.5 22.5 * 173 = 3892.5
35/39 37.5 27.5 * 160 = 4400
30/34 32.5 32.5 * 149 = 4842.5
25/29 27.5 37.5 * 92 = 34,50
20/24 22.5 42.5 * 54 = 2295
15/19 17.5 47.5 * 28 = 1:330
10/14 12.5 52.5 * 18 = 945
5/9 7.5 57.5 * 8 = 460
0/4 2.5 62.5 * 4 = 250

-5/-i -3.5 68.5 * 1 =685
TOTAL 29418.5

"* F.hr

3. HFLH = E HAt De ree Hours = 29418.5"F-hr 525 hr/yr
65 - WDDDB 65"F-9"F
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4-4.7 KH - Weeks of Heating.

*APPLICATION: Scheduled Start/Stop, Day/Night Setback, Ventilation
and Recirculation, Hot Deck/Cold Deck Temperature Reset, and Reheat
Coil Reset Savings Calculations.

D•8IS: For Weeks of Heating use all annual total hours below 650F.
WKH is limited by boiler availability: use scheduled days of boiler
operation if less than.WKH.

RZQUIRED DATA: Using Engineerina Weather Data,

1. In Chapter 3, find 24 hour Annual Total Hours for specified
temperature ranges.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual Total Hours.

Temp Annual Total
Range Hours<65"F brlow I.__650
60/64 768

55/59 619
50/54 598
45/49 608
40/44 603
35/39 606
30/34 577
25/29 412
20/24 240
15/19 141
10/14 85
5/9 39
0/4 21

-5/-1 6
-10/-6 1
TOTAL 5324

hrs/yr

2. 7 days/wk * 24 hrs/day - 168 hrs/wk

3. WK - Annual Total Hours <65" = =324 hrs/yr 31.7 wks/yr
168 hrs/wk 168 hrs/wk
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4-4.8 WKC - Weeks of Cooling.

aPPLuCATION: Scheduled Start/Stop, Day/Night Setback, Ventilation
and Recirculation, Hot Deck/Cold Deck Temperature Reset, and Reheat
Coil Reset Savings Calculations.

BU1s: For Weeks of Cooling use all annual total hours above 706F.
'fq=C is limited by chiller availability; use scheduled days of chiller
)Reration if less than WKC,

RZQUIRZD DATA: Using Engineerina Weather Data,

1. In Chapter 3, find 24 hour Annual Total Hours for specified
temperature ranges.

ZXKMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate the sum of Annual. Total Hours.

Temp Annual Total
Range Hours
>70"F above 70"

105/109 1
100/104 4
95/99 48

90/94 153
85/89 314
80/84 475
75/79 636
70/74 901
TOTAL 2532

hrs/yr

2. 7 days/wk * 24 hrs/day - 168 hrs/wk

3. WKH E Annual Total Hours >70' = 2532 hrs/yr = 15.1 wks/yr
168 hrs/wk 168 hrs/wk

I4
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4-4.9 O0 - Average Outside Air EnthalDy. APLICATION: Scheduled Start/Stop and Ventilation and Recirculation
Savings Calculations.

BASIS: Calculated during the normally unoccupied time periods of
0100-0800 and 1700-2400 for dry bulb temperatures above 700F.

RZQUIRED DATA: Using Engingring Weather Data,

1. In Chapter 3, find Total Annual Mean Coincident Wet Bulb (MCWB)
temperatures for dry bulb temperature ranges above 700F.

1. In Chapter 3, find 0100-0800 and 1700-2400 Annual Total Hours
for corresponding MCWB temperatures.

EXAMPLE CALCULATION: The following example uses data from
Springfield MAP, Missouri (Figure 4-1).

1. Calculate Annual Degree Hours for each MCWB Temperature.
Annual
Total 0100-0800 1700-2400

Temp MCWB Annual Annual Annual
Range Temp Total Total Degree
>70E a Hours Ho.Sou rs
95/99 74 * (0 + 9) = 666
90/94 74 * (0 + 32) - 2368
85/89 72 * (4 + 78) 5904
80/84 70 * (29 + 151) 12600
75/79 68 * 252+ 2427
70/74 66 * (304 + 325) 41514

TOTALS 442 847 87328
hr/yr hr/yr °F-hr/yr

2. Average wet bulb temperature = _ Annual Dearee Hou=S__

r All Annual Total Hours

= _7328°For••_ = 67.7-F
(442 + 847) hr/yr

3. Using Table 4-1 and interpolating where necessary, find the
enthalpy which corresponds to the wet bulb temperature
of 67.74F.

OAE = 32.14 Btu/lb
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Table 4-1. Enthalpy of Air for Selected Wet Bulb Temperatures

Wet Bulb Enthalpy Wet Bulb Enthalpy

40 15.20 70 34.00

41 15.66 71 34.86

42 16.14 72 35.74

43 16.62 73 36.64

44 17.11 74 37,56

45 17.61 75 38.50

46 18.12 76 39.47

47 18.64 77 40.46

48 19.17 78 41.47

49 19.71 79 42.50

50 20.26 80 43.57

51 20.82 81 44.65

52 21.39 82 45.77

53 21.97 83 46.91

54 22.57 84 4a.ID

55 23.17 85 49.28

56 23.79 86 50.52

57 24.42 87 51.78
58 25.07 88 53.07

59 25.73 89 54.40

60 26.40 90 55.76

61 27.09 91 57.16

62 27.79 92 58.59
63 28.51 93 60.06

64 29.24 94 61.57

65 29.99 95 63.12

66 30.76 96 64.70

67 31.54 97 66.33
68 32.34 98 68.01

69 33.16 99 69.73

100 71.49
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4-4.10 PRT - percent Run Time to Maintain Low Temberature Limit.

*APPLICATION: Scheduled Start/Stop Savings Calculation.

MWIS: The percent run time is the percentage of scheduled off time
during unoccupied periods when the fans and pumps must come back on
in order to maintain a 55"F low temperature limit. Use the actual
eguiDlent schedule if ayailable.

REQUIRED DATA: Using inaineerinci Weather Data and Figure 4-3 of this
manual,

1. In Chapter 1, find the annual Heating Degree Days.

2. Using Figure 4-3, find the corresponding percent run time.

EXAMPLZ CRLCUYtTION: The following example uses data from
Springfisld MAP, Missouri (Figures 4-1 and 4-2).

1. From 4 ngineering Weather Dnta, Heating Degree Days = 4570

2. From Figyure 4-3, PRT z 15%

4-15
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4-4.11 BTT - Buildina Thermal Transmission.

* APPLICATION: Scheduled Start/Stop and Day/Night Setback Savings
Calculations.

WkMla: This factor reflects the amount of heat loss (gain)
attributable to the building's type of construction and amount of air
infiltration.

Most data needed to calculate the U factor and Infiltration have been
reproduced in Appendix C from the ASHRAE Handbook, Fundamentals. For
additional information, refer to the Handbook.

REQUIRED DATA:

1. U (Btu/hr.'F-ft2) - Thermal transmittance factor for walls,
windows, doors, and roof. These factors may be calculated using
methods discussed in Chapter 22 of the ASHRE Handbook--
Fundamentals. Note: U=I/R

2. I (cfm) - Total air infiltration for the building which may be
calculated using methods discussed in Chapter 23 of the ASHRAE
Handbook--Fundamentals.

3. 1.08 (Btu/cfm.br.'F) - constant (ref Appendix A)

4. At (ft 2 ) - Gross floor area of the building which can be
determined from the field survey data.

CALCULATION:

For parallel heat flow paths,

U,.A (Btu/hr-'F) - Modified Combined Thermal Transirttance Factor.
This modified combined V factor is for all exterior surfaces (walls,
windows, doors, roof) and may be calculated using methods discussed
below and in Chapter 22 of the ASHRAE Handbook--Fundamentals (ref
Appendix C).

Repeat tho U x A calculation for each different type of wall, window,
door, or roofing material.

UoAo  'DUwet X A]m1 t. nt + Uwrdw X Atidow + Odoor x Acioor + Uroof X Aroof

BTT (Btu/hr ft 3.*F) - U0A + (I x 1.08)

At
EXAMPLE CALCULATION:

See example calculation in Section 6 of this manual. Refer to
Chapter 22 and 23 of the ASHRAE Handbook--Fundamentals for additional, examples.
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Ref Factor Calculated Value

4-4.1 ACWT F

4-4.2 ANDW - days/year

4-4.3 AST OF

4-4.4 AWT = *F

4-4.5 CFLH - hrs/year

4-4.6 HFLH - irs/year

4-4.7 WKH weeks/year

4-4.7 WKC - weeks/year

4-4.8 OAE - Btui lb

4-4.9 PRT %

UoAo - Btu/hr- F
4-4.10 1 cfrn

Af " ft,

BTT = Btu/hr. ftt' OF

Figure 4-4. Factor Summary
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Section V. SAVINGS CALCULATIONS

5-1 INTRODUCTION. This section describes the EMCS savings

* calculations. The calculations use climate based and building based
factors which were developed in Section IV. The information is
presented so that the user cb understand the development of savings
figures generated by the ESA program and perform mrnual calculations
if required.

5-2 BACKGROUND.

Figure 5-1 shows the typical HVAC related mechanical systems found in
an industrial/commercial building and the EMCS strategy or strategies
applicable to each. The reasoning behind the use of the strategies
is discussed in Section III of Enerav Monitoring and Conto3, .vsteMs,
TMS-815-2/NAVFAC DN-4.09/AFM 88-36.

Sin=e it is not possible to completely describe all activities
involved in the engineering design process, this section is meant to
be used only as a framework for EMCS analysis. Every facility is
different and various calculations must be adapted, augmented, or
ignored as the situation requires. The judgement required to make
these decisions requires professional engineering personnel familiar
with the mechanical systems, electrical systems, and EMCS.

5-3 HOW TO USE THIS SECTION. For simplicity, units of measure for
constants and conversion factors h&ve not been included in the
calculations. Refer to Appendix A for variable definitions, units of

* measure, and typical values where applicable. Refer to Appendix B
for constants and conversion factors complete with units and limited
discussion.

Each calculation results in an answer with units of energy per year.
The summary sheet has prcvision for converting units of energy to
units of fuel. Savings strategies can be compared on the basis of
energy used or the fuel cost of providing that energy.

Care must be taken not ro calculate the same heating or cooling
savings for both the secondary system and primary system serving it.
For example, consider a chiller providing chilled water to the
AHM which provides cooling for Zone 1 of a building. Scheduled
Start/Stop cooling savings for Zone 1 may be calculated for the
chiller or the AHU but not both.

Follow the procedure outlined for each calculation while paying
attention to any application notes. Where applicable, use total HP
for all fans, cooling, and heating pumps associated with this system.
EXCrtTION: For pacrkaged units such as Air Cooled Chillers and Air
Cooled DX units, include HP as a component of the CPT factor.
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131 i

RE., RECE PAGE 5-3 5-4 5.S 5-$ 5.6 5. - * )9 -9 5-9 5-10 5-101 5-10 5-11 5-13 ;5-13

CO"MLL.0Y C 0 ll1

S,,I: - ~ 1s.

A Single Zone AHU 0 0 0 0 0 1

B Terminal Rebeat AHU D * 0 * 0 0 0 1 -

C Variable Air Volume AHU 0 0 0 0 0

D Multi-we AHU * 0 0 0 0 0 *

E Sin••Zone DX- A/C 0 0 0 0 0 *

F Multi- Zone DX- A/CM 0 0 0 0 0 0 0

O Two Pipe Fan Coil Unit 0 0 0 0 0

H Four Pipe Fan Coil Unit 0 * 0 0 1

I Electric Unit Heater 0 0 0 0 0

3 Electric Radiation 0 * * 0

K Heating/Ventilating Unit 0 * 0 * 0 0

L DirectFretFmad Fu 0 a 0 0

M D•rect Fird Boiler • 0 0 0

N Steam Unit Heater W
* Hot Water Unit Heater 0

P Steam Radiation 0

Q Hot Wate•rRadiation 0 0 0 0 0-- -

R Steam Boiler 0

S Hot Water Boiler * 0

T Steam/Hot Water Converter 0 0 0 0 •

U HTHW/Stcam Converer 0

V H-ITHW/Hot Water Converter 0 0 * 0 •

W Water Cooled DX CompFessor 0 0 0 0 0

X Air Coold DX Compremor 0 0 0 0

Y Air Cooled Chiller L 0 * *

Z Water Cooe Chiller 0 0 0 0

AA •Lghting Control 0

Figure 5.1. Energy Conservation Program Applications
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5-4 SAVINGS CALCULATIONS.

05-4.1 Scheduled Start/Stop

APPLICATION NOTES:

1. Use average winter temperature (AWT) in place of the low
temperature limit (LTL) if:

a. No low temperature limit is desired (set PRT - zero) or
b. AWT > LTL.

If PRT = zero or AWT > LTL, the ESA program will automatically
use AWT in place of LTL.

2. For WKH and WKC use actual length of heating and cooling seasons
if known.

3. For Hh,'Hc use currently scheduled time for equipment operation
or estimate using the hours of occupancy plus 2 hours per day
for warmup/cooldown. For Hk1EMCS/HcEMCS also add warmup/cooldown
times.

4. Do not shut down fans which are required for minimum ventilation

or in-line circulating pumps on hot water systems.

CALCULATIONS:. 1. Heat losn/gain through the structure

Heating savings (MBtu/yr):

BTT x Az x (WSP-LTL) x (Hh-HhEMCS) x Wi
HSE x 106

Heating savings for Electric Unit Heater and Electric Radiation
(kWh/yr):

BTT x Az x (WSP-LTL) x (Hh-HhEMCS) x WKH
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

BIT x Az x (AST-SSP) x (Hc-HcEMCS) x WKC x CI!T
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in lb/hr-ton):

BTT x Az x (AST-SSP) x (Hc-HcEMCS) x WKC x CPT x 1000
0 12,000 x 106
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2. Keat loss/gein through ventilation air

Heating savings ((Btu/yr):

CF1 x POA x 1.08 x (,SP-AWT) x (Hh-HhEMCS) x WKH
HSE X 106

Heating savings for Electric Unit Heater and Electric Radiation
(kWh/yr):

CFM x POA x 1.08 x (WS7-AWT) x (Hh-HhEMCS) x WKU
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

M x nA x 4.5 x (O6E-RAE) x (Hc-HcEMCS) x WKC x CPT
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in lb/hroton):

CFM x POA x 4.5 x (OAE-RAE) x (He-HcEMCSE x WKC x CPT x 1000
12,000 x 106

3. Auxiliary equipmant operation

Heating auxiliary savings ,kWh/yr).s

HP x L x 0.746 x (Hh-HhEMCS) x WKH x (1-PRT)

Cooling auxiliary savings (kWh/yr):

HP x L x 0.746 x (Ilc-HcENCS) x WKC

5-4.2 Optimum Start/Stop

APPLICATION NOTIS: The Optimum Start/Stop savings calculation is
used in place of Scheduled Start/Stop to start and stop equipment on
a slidino schedule. The program incorporates thermal inertia of the
building, capacity of the HVAC system, and outsiLe air conditions.
Uae of a computer simulation, which typically iiicludes both Optimum
and Scheduled Start/Stop! is required fcr accurate determination of
savings therefore calcul.ationas are not presented in this manual.

6
5-4



5-4.3 Duty Cycling

. iAPPLICATION NOTES:

1. Applies only to constant loads.

2. Does not apply to loads which already cycle under local control.

3. Duty cycling performed during hours of occupancy (assumes no
duty cycling during warmup or cooldown).

4. Do not duty cycle fans which are required for minimum
ventilation, boilers, chillers, or in-line circulating pumps.

CALCULATIONS:

Auxiliary motor savings (kWh/yr)

HP x L x 0.746 x OH x DCST x 52 wk/yr

Electric Unit Heater and Electric Radiation savings (kWh/yr) =

PWR x OH x DCST x 52 wk/yr

5-4.4 Demand Limiting

. APPLICATION NOTES:

1. Assumes that the system can be shed a portion of the time under
peak load conditions. The shed time will vary in different
parts of the country.

2. Do not shut down fans which are required for minimum

ventilation.

CALCULATIONS:

Auxiliary motor savings (kW) =

HP x L x 0.746 x DLST

Electric Unit Heater and Electric Radiation savings (kW) =

PWR x DLST

S
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5-4. 5Day/Night Setback

APIPLICATION NOTES:

1. Used in place of Scheduled Start/Stop for systems where the
temperature must be controlled within specified limits.

2. Make sure that the setpoints for &lU heating systems serving the
zone are controlled.

3. If outside air dampers can be closed during the setback period,
the Ventilation and Recirculation strategy may be applied.

4. For WSPR, use the smaller of WSPR, WSP-LTL, or WSP-AWT. If PRT
is zero, use AWT instead of LTL. For SSPR, use the smaller of
SSPR or AST-SSP. The ESA program will do this automatically.

5. For Hwsp/Hssp use currently scheduled time during which the
system is operated at the WSP/SSP or hours of occupancy plus
I hour per day for warmup/cooldown.

CALCULATIONS

Heating savings (MBtu/yr) -

BTT x Az x WSPR x (168-Hws2) x WKH
HSE x 106

Heating savings for Electric Unit Heater and Electric Radiation
(kWh/yr):

BTT x Az x WSPR x (168-HwsD) x WKH
HSE x 3413

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

BTT x Az x SSPR x (168-HssD• x WKC x CPT
12,000

Cooling savings with steam driven chiller
(MBtu/yr with CPT in lb/hr.ton):

BTT x Az x SSPR x (168-Hssp) x WKC x CPT x 1000
12,000 x 106

5-4.6 Outside Air Dry Bulb Economizer

APPLICATION NOTES: This savings calculation is applicable to air
systems with outside air and exhaust air dampers. Use of a computer
simulation is required for accurate determination of savings
therefore calculations are not presented in this manual.

5-6



5-4.7 Ventilation and Recirculation

. APPLICATION NOTES:

1. Used in conjunction with scheduled Start/Stop or Day/Night
Setback to control outside air dampers.

2. Do not shut down fans which are required for minimum

ventilation.

CJLVULATXONS:

1. The following calculation applies to systems which are shut down
by the Scheduled Start/Stop strategy and is applied to the
warmup period prior to occupancy. Heating savings are a result
of eliminating OA during the warmup period except for the
ventilation purge time when OA must be introduced. No cool-down
ventilation savings is included in the analysis based on the
assumption that early morning outside air adds a negligible
amount to the cooling load and may actually lessen the load
through an economizer effect.

Heating savings (MBtu/yr) -

CFM x POA x 1.08 x (WSP-AWT) x ANDW x fWU-(PT/60)1
HSE x 106

2. The following calculations apply to ventilating systems in which
the temperature is set back using the Day/Night Setback
Strategy. These systems may not be shut down but may eliminate
outside air during building unoccupied periods except for the
ventilation purge time when OA must be introduced.

Heating savings (MBtu/yr) =

CFMx POA x 1.08 x (WSP-AWT) x f(168 - OH)-(PT/60 x Dh)1 x WKH
HSE x 106

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

CFM x POA x 4.5 x (OAE-RAE) A r(168 - OH)-(PT/60 x Dc)l x WQC
12,000

Cooling ravings with steam driven chiller
(MBtu/yr with CPT in lb/hr-ton):

CFM x POA x 4.5 x (OAE-RAE) x 1(168 - OH)-(PT/60 x Dc)l x WKC x CrI x 1000
12,000 x 106

5
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5-4.8 Hot Deck/Cold Deck Temperatui e Reset

APPLICATION NOTES:

1. The average discharge temperature resets (SCDR, SHDR, WHDR) are
system dependent and difficult to estimate. Refer to Appendix A
for reasonable estimates in lieu of actual data.

2. A computer simulation is required for accurately deter0mining the

savings from this strategy when used with economizer control.

CALCULATIONS :

Heating savings (MBtu/yr) -

CFM x Phd x 1.08 x Hhc x [(WKC x SHDR) + (WKM x WHDR)I
HSE x 106

The following two equations assume that a VF change in cold
deck temperature is equivalent to a 0.6 Btu/lb change in
enthalpy.

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CEM x Pcd x 4.5 x Hhc x WKC x SCDR N 0.6 x CPT
12,000

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr-ton):

CFM x Pcd x 4.5 x Hhc x !KC x SCDR x 0.6 S CPT x 1000
12,000 x 106
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5-4.9 Reheat Coil Reset
* APPLICATION NOTES: A computer simulation is required for accurately

determining the savings from Reheat Coil Reset when used with
economizer control.

CALCULATIONS:

Reheat savings (MBtu/yr) -

CFM x 1.08 x Hh x 52 wk/vr x R-R
HSE . 106

The following two equations assume that a VF change in cooling
coil temperature is equivalent to a 0.6 Btu/lb change in
enthalpy.

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CR. y, 4.5 x Hh x WKC X RHR x
12,000

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr'ton):

CFM x 4.5 x Hh 3 WKC X RHR x 0.6 x CPT x 10)0
12, 000 X 106

5-4.10 Steam and Hot Water Boiler Selection
APPLICATION NOTES:

CALCULATIONS:

Heating Savings (MBtu/yr)

HFLH x BCEI x CAP
HSE x 106

5
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5-4.11 Hot Water Outside Air Reset

APPLICATION NOTES:

CALCULATIONS%

Heating savings (MBtu/yr)

HFLH x OAEI x CAP
HSE x 106

5-4.12 Chiller Selection
APPLICATION NOTBO:

1. Applicable only to chilled water plants with multiple chillers.

CALCULATIONS:

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON x CPT x CSE1

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr-ton):

CFLH x TON x CPT x CSEI x 1000
106'

5-4.13 Chiller Water Temperature Reset

APPLICATION NOTES: The amount of reset (CWTR) generally ranges
between 2"F and 5"F. A conservative estimate of 20F is recommended
for the calculation.

CALCULATIONS:

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON X CPT X CWTR x REI

Cooling savings with steam driven chiller, nL economizer
(MBtu/yr with CPT in lb/hr-ton):

CFLH x TON x CPT x CGTR x REI x 1000
106
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5-4.14 Condenser Water Temperature Reset

O APPLICATION NOTES: Do not reduce condenser temperature below
manufacturer's recommended low temperature limit.

CALCULATIONS: The calculation procedure requires four steps:

1. Calculate the average reduction in condenser water temperature
which is achievable:

RCWT - PCWT - ACWT

2. Use Figure 5-2 to determine the percent efficiency increase
(PEI) of the chiller based on RCWT from above.

3. Determine the adjusted efficiency increase (AEI) of the chiller:

a. If fan runs continuously, but will be cycled,

AMI - EI + 5.5
100

b. If fan cyles,
A I-PE -2

100* 4. Calculate the cooling savings:

Cooling savings with electrically driven chiilez, no economizer
(kWh/yr with CPT in kW/ton):

CFLH x TON X CPT X ARI

Cooling savings with steam driven chiller, no economizer
(MBtu/yr with CPT in lb/hr'ton):

CGFLH x TOF x CPT x AEM x 1000
106
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5-4 .15 Chiller Demand Limit

. LICATION NOTES%

1. Applicable to centrifugal chillers that are equipped with an
adjustable control system for limitirg the available cooling
capacity.

CALCULATIONS:

Savings (kW) = CHP x CME x 0.74t x SDC x SDT

5-4.16 Lighting Control

APPLICATION NOTES:

1. Applicable to relay operated zoned lighting.

2. Assumes one lighting zone..

CALCULATIONS:

Savings (kWh/yr) - TCL x (HL-HLEMCS) x 52 wk/yr

5-4.17 Run Time Recording. APPLICATION NOTES, This savings is based on the assumption that the
EMCS is able to save one 2 hour man-visit per year to the system
being monitored. This may or may not represent a savings over
present facility maintenance procedures.

Labor savings - 2 man-hours/yr

3-4.18 Safety Alarm

APPLICATION NOTES: This savings is based on the assumption that the
EICS is able to save one 2 hour man-visit per year to check alarms
and diagnose problems. This may or may not represent a savings over
p:esent facility maintenance procedures.

Labot savings - 2 man-hours/yr
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__________ Savings

Ref Strategy MBtu/yr kWh/yr kW Mb/y

5-4.1 Scheduled Start/Stop

5-4.2 Optimum Start/Stop

5-4.3 Dut~y Cycling .

5-4.5 Day/Night setback_____

5-4.6 OA Dry Bulb Economizer Z____
... ..... ..... ..... ..M

5-4.7 Ventilation and
________Recirculation____

5-4.8 Hot Deck/Cold Deck
_________Temperature Reset

5-4.9 Reheat Coil Reset

5-4.10 Boiler Selection

5-4.11 Hot Water Outside
______Air Peset ____

5-4.12 chiller Selection_____

5-4.13 Chiller Water
________Temperature Reset _____

5-4.14 Condenser Water
_________Temperature Reset

5-4..15 Chiller Demand Limit O.W.

5-4.16 Lighting Control

5-4.17 Run Time Recording

5-4.18 Safety Alarm

MBtu Sub Total

Fuel +K
Type MSe Appendbz A)

Notes-

TOTALS

___________________ ____ I kWh/yr kW Nh/yr

Figure 5-3. System Savings Summary
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Section VI. EXAMPLE SAVINGS CALCULATIONS

6-1 INTRODUCTION and DATA, tORMS. This sectioni demonstrates several
*energy savings calculations for hypothetical Headquarters building

607 which is located on Fort Example, Springfield, Missouri.
Building 607 is serviced by the following HVAC and lighting systems:

1. AHU 1 Multi-zone AHU
2. AHU 2 Single Zone AHU
3. HW 1 Hot Water Boiler
4. CH 2 Water Cooled Chiller
5. LT 1 Lighting Circuit
6. LT 2 Lighting Circuit

The savings calculation procedure consists of:

Completing a physical survey of the building.

* Determining the climate and building factors using the
procedures outlined in Section IV.

* Determining which EMCS savings calculations to apply considering
the systems and operating conditions (refer to Figure 5-1).

* Using the survey data and factors to calculate EMCS savings.

Input data is included for all systems. Calculations and summary
sheets are provided for AHU 1 as an example -• methodology. A. detailed printout from the ESA program is en- ,sed which shows the
input and output data for AHU 1 and the remaining systems.
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MME LN1S OF MEASURE- Area Re.' TwqmmmeaFtw

See, Appendbc A for avllwuion of Nam.

Group Deic o '

Location z4^~!fJ~"~ Xa-4-se - A*/ -IBufldings in Group '

Sketch projem layout - loations, dhsances berwee buildings, important features, etc.
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IGROUP ~ ILBUILDING

0 J,,3ILDIN•DATQ (1/3)

Building Hours of Operation: 0100.00 1700-2400 Other

Healing Fuel Type: 4&4K..-,( c-a'->

Sketch Building - Locate Zones, Windows, Doors, etc.

eoo so -"

I K----- I I~A

L I

-1- -- 

1/oe
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I GROP 3 *r~44BUILDING

QULIQQV (?/3)

WALLS, EXTERIOR

T & E SKETCH CROSS SECTION

Outside Air Film 0-/7

1.- 4i, rL.Ai
2. /~/J.j~ .~ .1

4. Z./O

7.__ _ _ _ _ _

Inside Air Film
TOTAL R VALUE 7./

1/R - <L.>-

ROOF

RO R-VUES SKETCH CROSS SECTION

Outside Air Fl~m
1.____Q .
2. 7n . ,oed .4 './t.-

4. 0.

7.5.24 a~v~/./.Z /////-7-7

7, Ev, iA..

Inside Air Film 0.46

TOTAL R VALUE '
I•Rl -•" 1> -0

No. of Floors (above ground) L . Calculat.J Total Area (above ground):

Avg. Floor to Floo Height /3 Waft, gross 5// /&' 5 f
No. of Baserneni Levels - 0 Windows <A,,,> . 0 ýr

Gross FlooiArea <Af> _ ._ __ _ Doors <,,> 7(, ( (5',Iz.o)

Roof Area <A,,> - 3. 00 Other

Estimatd total bldg. nir Infiltration (dmn) <I> 75. Wails, net <A.....> /00 37f :sF
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IGROUP S A6Y _BUILDING 6 0'57

.B.I LDIN rAI& (3/3)

WINDOW TYPE Ig5 50W Al Ai. R-VALUE '*7f < Um ~ 571f
VANDOW TYPE RNVALUE< Wf.

VANDOW TYPE ____________<_ R-VAW

DOOR TYPE iifMWA ~'"UVA- 'k s - RNVALUE <'C u.>
DOOR TYPE gt4go R"i'NVAL UEE ~ .cUa> 0.Z/9

DOOR TYPE _____________ N-ALUE <______ c _______

OTHER R-VALUE <*"

OTHER ______________R-VALUE -U,

OTHER RNVALUE < Uhgmi>

UA U.,x A..,, + U, x A,,. + U,.x Ad, + U,, x A,,,

. Rennaiks - Note air leaks, 5ftruural damage, brok~en/defeti~ve windomws, ftof windows and doors, verns tOa remain

open. etc.
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GROUP 3 A. BUILDING .

ZONE DAIA _____

ZONEIO / Systems Serving Zone /.49 . //W//C#1. T7"

Location At$. Nominal hours/week occupied <OH>

Funcion &OF 0rt/ Warmup time before occupancy (hr) <WU>

Floor Are /a 000 Low Temperature Limit < LTL , "

Occupied Summer Setpoint <sSP> 7-1 - Summer Setpoint Reset <SSPR> Q . . .
Occupied Winter Setpoint <WSP> -4 - (SSPR s AST-SSP)

Days/Week Heating Equipment Operation <Dh> . Winter Setpoint Reset <WSPR> ")

Days/Week Cooling Equipment Opwrafin <Do> - (WSPR s WSP-AWT. s WSP-LTL)

SPECIAL REOUIREMENTS

Can ventilation be shut down for duty cycling? (Y/N) Y For what % time? < DCST>

Can ventilation be shut down for demand limiting? (Y/N) Y For what % time? <DLST>

Can ventilation be shut down during unoccupied hours? (Y/N) - Y

If yet, what is the required OA purge time before occupancy? <PFT>

REMARKS

ZONE ID 2. Systems Servng Zone A~h,'fl AWi CI LTI
Location Arz'-4 e,,lez: Nominal hours/w*ek occupied<OH>

Function Zo4/;51/k- Warmup time before occupancy (hr) <WU> 2.

Floor Area 000 Low Temperature Limit <ILTL>

Occupied Summer Setpoint <SSP> 7S" Summer Setpoini Reset <SSPR> >

Occupied Winter Setpoint <WSP> &A (SSPR i AST-SSP)

Days/Week Heating Equipmenmt Operation <Dh> !( Winter Setpoint Reset <WSPR>

Days/Week Cooling Equipment Operation <1Dc> ( (WSPR s WSP-AWT, s WSP-LTL)

SPECIAL REQUIREMENTS

Can ventilation be shut down for duty cyciq? (Y/N) For what % time? <DCST> -

Can. ventiiation be shut down for demand Uimiing? (Y/N) • For what % time? < DLST> Z

Can ventilation b3 shut down during unoccupied -oum? (Y/N) .. .

If yes, what is the required OA purge time before occupancy? <PT >

REMARKS
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GROUP 3 Alr.. =BUILDING

. ZQNLEI

ZONE ID 3 Systems Serving Zone 4 g N• /. T

Location - d de,17,'Z, Nominal hours/week occupied <OH>

Fur-c.ion Warmup time before occupancy (hr) <1WU >

Floor Area e,.OO Low Temporature Limit <LTL>

Occupied Summer Setpoint <SSP> Summer Setpoint Reset <SSPR>

Occupied Winter Setpolnt <WSP> (SSPR s AST-SSP)

Days/Neek Heating Equipment Opertio <Dh> Winter Setpoint Reset <WSPR> > 0

Days/Week Cooting Equipment Operation <Dc> (WSPR s WSP.AWr. s WSP-LTL)

SPECIAL REQUIREMENTS

Can ventilation be shut down for duty cycling? (Y/N) Y For what % time? <DCST> -

Can ventilation be shut down for demand limiting? (Y/N) Y For what % time? <DLST> .5 .
V

Can vent4ion be shut down durng unoccupied hours? (Y/N) z -- ,

If yes, what is the required OA purge time before occupancy? <PT> "",7

REMARKS

_____________W4-_ A1/4 / / 7

ZONE ID ,!9 Systems Serving Zone XW/ _, 6k'. ,.7/

Location ' /,,I Nominal hours/week occupied <OH>

Fxxion ''i' • Warmup time before occupancy (hr) <WU>

FloorOArea 1P oil Low Temperature Umit < LTL>

Occupied Summer Setpoint <SSP> H Suimmer Setpoint R set <SSPR>

Occupied Winter Setpoint <WSP> - (SSPR s AST-SSP)

Days/Week Heating Equipment Operation <Dh> ._. Winter Setpoint Roset <WSPR> 0
Days/Week Cooling Equipment Operation <De> (WSPR s WSP-AWT, s WSP-LTL)

SPECIAL REQUIREMENTS

Can ventilation be shut down for duty cycling? (Y/N) .. For what % time? < DCST> .

Can ventilation be shut down for demand limiting? (Y/N) J For what % time? <DLST>

Can ventlton be st down during unoccupied hours? (Y/N) Y

If yes, what is the required OA purge time before occupancy? <PT> 16 Of ,:e2

REMARKS
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GROUP 3 Alor,4 I BUILDING I~7SYSTEM /j 1 /

A. Single Zone AHU CIufti-zone AHU G. Two Pipe Fan Coil Unit
e B. Ternmal Reheat AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit
C. Variable Volume AHU F. Multi-zone OX-A/C _

System D.,-4 AtC-4:fC ' Zones Served 1--4
Locatorl /jv V ,,oDpL7 Total Area Served <Az> :Z4 000,

System Efficiency <HSE> Unit Supplying Heating Energy gyI

Reheat Coil Reset <RHR> - Heating Energy Fuel Source - / !;&.'

Proert perot of OA used (dod*mal) < POA> 2- Unit Supplying Cooling Energy C/'z
Energ Used/Ton Reffdgerto <CPT> A/ Cooling Energy Fuel Source - L_,

CURRENT OPERATING SCHEDULE PROPOSED OPEFRATING SCHEDULE
Hours/Wook Heaitin System < Hh> Hours/Week Heating System <HhEMCS> •

Hours/Week at WSP <Hwsp> A-0 Hours/Week Cooling System <HcEMCS>

Hours/Week Cooling System <Hc> . 40 _Can system be shut down when

Hours/Week at SSP <Hasp> zone(s) unoccupied? (Y/N) /

FAN DATA PUMP DATA AUX DATA

Funco cCFM> <HP> F0020 cHP> F <HP>

Sup,.y Air -30 4_
Return Air 3I0 _"

MULTI-ZONE DATA

Percent of air passing through Hot Deck < Phd > I0 Summer Hot Deck Reset < SHDR> 4
Percent e4 air passing through Ccld Deck c Pcd> • i nter Hot Dadc Reset <WHDR>

Operating Hours/Week Dual Deck < Hhc> 00 Summer Cold Deck Resst <SCDR>

MAX/MI7N <WSP> 7"f < SS"> <WU> -
ZONE <LTL> <WSPR> $ <_h>

DATA <OH> <SSPR> <,>

<DCSTr <>IST> 1_6_T_ _ ___ T> > ;T
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Applicable Systems

I®SIngle Zone AHIU 0. Multi-zone AHU G. Two Pipe Fan Coil Unit
I B. Terminai Reheat AHU E. Single 7' -'- DX-A/C H. Four Pipe Fan Coil Unit
I C. Varile Volume AHU F. Mufti-zo,.. X.A/C

System Desc & Qddi,, C• 042^ 1"1' / Zones Served _3

Location .. ulA ", r Total Area Served <Az> ý', 000

System Efficiency <,HSE> '9 7. Unit Supplying Heating Energy d/A/
Reheat Coil Rest <RHR> - Heating Energy Fuel Source A141 6 1

Present percent of OA used (decimal) < POA> 40, Unit Supplying Cooling Energy - C#11

Energy Used/Ton Refrigeration <CPT> , Cooling Energy F•.el Source - Olec

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Heating System <Hh> Houn,/Week Heating System <HhEMCS>

Hours/WeeI. at WSP < lHwlo> Y1 Hours/Week Cooling System < HcEMCS> 3
Hours/Week Cooling System <Hc > Can system be shut down when

Hours/Week at SSP <Hasp> .. L L zone(s) unoccupied? (Y/N)

. FAN DATA PUMP DATA AUX DATA

Function <CFM> <HIP> FUon <HP> Fro <HP>

Supply Air 20 3 gon

Return Air zoo 3,

MULTI-ZONE DATA

Perceot of air passing through Hot Deck < Phd> .. Summer Hot Deck Reset <SHDR>

Percent of air passing through Cold Deck <Pcd> Winter Hot Deck eset <WHDR.

Opeating Hours/Week Dual Deck <Hhc> Summer Cold Deck i eset <SCDR>

MAX/MIN <WSP>. <SSP> 70 <WU> /

ZONE <LTL> ,' <WSPR> /0 <Dh> 5

DATA <ON> 30 <DS.;PR.> , <DT> 57

PDCa> 715" <Dofr> 2", <PT>-,,
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[~I7 A~r'~%BUILDING 60'SYSTEM A's'!

SR. Steamr So~w Wae ollar

System Deac .. IK " Zone.S.rve . -Z-3-q
Eftiency I wr3oo Heeling Energy Fuel Type AA Ct,

Efficiency increase Max Total Capacity (Btu/hr) <CAP> /4,Oo

when Changing Boilers <a CE> / Heating ystem Efiency Increase <OAM>

Syltw Avallabilty (days/year) System Effliency <HSE> >_ °___,._ _

REMARKS

0
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GROUP p/ABUILDING (~CSYSTEM CIZ

0 Applicable Systems

!W. Water Cooled DX Compror Y. Air Cooled Chiller
X. Air Cooled DX Compressor Z. Water Cooled Chiller

System Doseir Co/' Copesoa7 e ol7 d Zones Serve C2-ile
Locato E4!5/' ezW o1'.k/1Wz 6 7 Energy Used/Ton Refrigeration <CPT> "

Chiller Type: (] tlfugai (2) Absorption Chiller Capacity (tons) <TON>

(3) Reciprocal (4) Screw Comp Present Condenser Water Temperature < PCWT>

Centrfugal Chiller Motor HP <CHP> 60 Is the condenser fan continuous or cyding? ..-- ,

Centrifugal Chiller Motor Efficiency <CME> ' Chiller water temperature reset <cW'rR 2
System Availability (days/year) Zee_

Efficiency increase when changing chillers < CSE> /

Can the centrifugal chiller be shut down for demand limiting? (Y/N) Y For what % time? <SDT>

Can the centrifugal chiller capacity be stepped down for demand limiting? (Y/N) j By what %? <SDC> !.2

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Cooling System < Hc> Hours/Week Cooling System < HcEMCS>

FAN DATA PUMP DATA

Fuin Np Function < HP>

REMARKS
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GROUP T O BUILDING &0O7 ISYSTEM L rI

Applicable Systems

System D• ____ [_zones Se 1-2-4
Location A/e uI.J/ Total Wattage 'TC > •, O- "

CURRENT O'PERATING SCHF ILE PROPOSED OPERATING SCHEDULE

Hour/Wofok LIgh*Vn System <1HL> RO Hours/Week Lighting System < HLEMCS>

REMARKS
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[GROUP JoBUILDING _- SYSTEM LTZ

Appicable Systems

sym p Ouc L.T. Zones Served, .mI -, -

Location 5" •L , fJB- Total Wattage <TC.>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hour5fWeek Lighting System <H0> Hours/Week Ughting System <HLEMCS> -Zm.

REMARKS
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Factor Summary
Ref Factor Calculated Value

4-4°1 ACWT -F

4-4.2 ANDW f days/year

4-4.3 AST - 7(a,. "F

4-4.4 AWT - OF

4-4.5 CFLH 74'O hrs/year

4-4.6 HFLH - hrs/year

4-4.7 WKH ' ,31.7 weeks/year

4-4.7 I WC - I weeks/year

4-4.8 oAE . 14 Btu/lb

4-4-9 2RT - +.7
UoAo 58'7.1 Btu/hr-"F

4-4.10 , 750 cfm

Af 3t, oo ft'

BTT - P, _B-otf/hr -ItM' •-F

Page Of 6-14



6-2 CALCULATIONS.

6-2.1 Climate Factors. See example calculations in Section IV.
'Results are summarized on page 6-14.

6-2.2 Building Factors.

From page 6-3, Heating Fuel Type is Natural Gas
From calculation on page 6-5, UoAo - 5899.9 Btu/(hr.*F)
From page 6-4, I - 750 cm, Af - 33,000 ft2

From page 4-16,

BTT - 5899.9 + (750 x 1.08) - 0.2033303 Btu/(hroft'2 'F)
33,000

6-2.3 System 1. AHU 1. Multi-zone AHU.

Data from page 6-8, Climate Factors, and Building Factors.

ANDW-264 AST-76.9 AWT-43.5 Az=28,000 BTT=0.203

CFMN-300 CPT-1.5 Hc-80 PcEMCS=63 Hh=-0

Hhc-80 HhEMCS-63 HP-8 LTL-55 OAE=32.14

Pcd-0.5 Phd-0.5 POA-0.2 FRT-14.7 PT=15

SCDR-4 SHDR-4 SSP=75 WHDR=4 WKC=15.1

WKH-31.7 WSP-68 WU=2

* System may be shut down when building unoccupied.

Using defaults RAE-29.91 and L-0.80

Scheduled Start/stop Strategy

1. Heat loss/gain through the structure

Heating savings (MBtu/yr):

BTT x Az x (WSP-LTL) x (Hh-HhEMCS) x WKII
HSE x 106

0.203 x 28.000 x (68 - 55) x (80 - 63) x 31_, - 66.37
0.6 x 106

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

BTT x Az x (AST-SSP) x (Hc-HcEMCS) x MAC x CPT
12,000

0.203 x 28.00 x (76.9 - 75) x (80 - 63) x 15 .1 - 346.5
12,000

0
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2. Heat loss/gain through ventilation air

Heating savings (MBtu/yr):

jFK F.M&x1.Q8 x(WSP-AWT) x (Hh RhbEMQ4L.LA
HSE % 106

300 jg 0. 2 IS 1.08Q x (68 - 43, 5) 3 (0 - 6_Zl! - 1.43
0.6 x 106

Cooling savings with electrically driven chiller
(kWh/yr with CPT in kW/ton):

M X PQA x 4.5 x (OAE-RAE) x (Hg-HcECQ z__•,_&M
12,000

_0 .x 4.5x-2.14 - 29.91) x (80 - 63) x 15.1 x 1.5 - 19.3
12,000

3. Auxiliary equipment operation

Heating auxiliary savings (kWh/yr):

HP x L x 0.746 x (Hh-HhEMCS) x WKH x (1-PRT)

8 x 0.8 x 0.746 x (80 - 63) x 31.7 x (1 - .147) - 2194.7

Cooling auxiliary savings (kWh/yr):

HP x L x 0.746 x (Hc-HcEMCS) x 4KC

8 x 0.8 x 0.746 x (80 - 63) x 15.1 - 1225.6

Total savings for Scheduled Start/Stop:

MBtu/yr - 66.37 + 1.43 + - 67.80

kWh/yr - 346.5 + 19.3 + 2194.7 + 1225.6 - 3786.1

Note: These numbers will differ slightly from the ESA program
output due to rounding.

6
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Ventilation and Recirculation

Heating savings (MBtu/yr)

GF4 x O x .0 8 x (WS P- AW x AND x r WU- ( &Lj

HSE x 106

. 0.2 x 108 x (68 - 43.5) x 264 x r2 -•5•6Q) - 1.222

0.6 x 106

lot Deck/Cold Deock Temperature Reset

Heating savings (MBtu/yr) -

CF Pdx 1. 08 -. fa LTZKC x SHDR) + (MK x WHDR).1

HSE x 106

300 x 0.5 x 1 - 01(51x_4) + x 4_11 - 4.044
0.6 x 106

The following equation assumes that a 16F change in cold deck
temperature is equivalent to a 0.6 Btu/lb change in enthalpy.

Cooling savings with electrically driven chiller, no economizer
(kWh/yr with CPT in kW/ton):

I, 12,000

X•_ 151 4- x 0.6 x 1.5 245
12,000

Refer to the ESA program detailed output for savi'ngs results from
additional systems.
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[~O j7UrGjP Au BUID]N

-__ System Savings Summary_

5-.1Scheduled Starst~ Stop

S5-4.2 Otimum Start/Stop

5-4.3 Duty SX0linci- 3P\A :

15-..4 Wimand~ Limitingq

I5--4.5 DayNighttSetback___-

5-4.6 01, a ~Bulb Economiz er,

5-4.7Ventilationh and

5-4.8 Hot Deck/Cold Deck A

5-4.9 Reheat Coil ResetI

5-4.10 Boiler Selection .".1 .
5-4.11 Hot Water Outid

-..... , .. ..... M .Re e ..*\~ .

S5-4.i2 Chiller Selection

5-4.13 Chiller Water:...........
- ~~Temperature Reset- j...

5-4.14 Condenser Water
______-Temperatu re Reset ... .-

5-4.15 Chi.ller Demand Limit .. .....

5-4.1 LigtingControl
5-4.17 Run Time Recording .,-

-418 Safety Alarm ~ tl 7~ ~o

Fuel 1O. + A V
Type _______ it)

Notes

TOTALS
j/yr- kWh/yr 'kW Mh/yr



E24CS Annrual Energy Suvings Detailed Reporlt

Base: 3 -NORTR
Building: 607

Case: 1
'Description.: Section 6 Example Calculation

Fuel Type: N~atural. gas (methane)
Heating Vnlue: 1,025 Btu/fcf

Caution

The ESA progwram makes no attempt to exclude incompatible strategies.
4IIt is the user's responsibility to select all. appropriate strategies.j

Note

7Th~=e scheduled start/stop and d1ay/night. setback strate~gies are aff~ected

nDy thee following da~ta values:I
If PRT is zero, then AWT will be used in place of LTL.
It AWT > LTL, then XNT will be used in place of LTL.
If WSPR > WSP-LTL, then WISP-LTL will be used in place of WSPfl.
If SSPR > AST-SSP, then AST-SSP will be used in place of SSPIR.

Building Data Table

Variable Description symbol Value Units

Mod Com~b Tlhermal Transmittance UoAo 5,899.*9 Btu/hr*F
Total Air Infiltration 175 m

Gross Floor Area 753300 8c t

Building Thermal Trainsmiesion BTT 0.203 Btu/hrtsq ft*F

Climute Data Table for MO, Springfield MAP (9-16)

Variable Description Syabol Value Units

Avg Entering Condenser Water Teitperatazre ACWVT 75.6 dere
Annual Number of Days for Morning Warmup ANDW ". ~64 days/year I

Avrerage Suamer Temperature AST 76.9 degrees F
Average Winter Temperature AWT 43.5 degrees F

Cooling lFull-1c~ad Ho~urs CFLH 760 hours/year
Heating rill-Load Hours~ HFLH 525 honrs/ycar

Weeks of Cooling 'WKC 15.1 wreeks/year
Weeks of Heating W1K{ 31.7 weeks/year

Average Oultside Air Enthalpy OAEE 32.14 r3tu/lb
Percen~t Run Time 1PRT 14.7 percent
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Input Data Table for Singlei Zons AH7O

_system Defacription: AHU 2 -- Bowdlen component unit o~n S roof

Variable De~cript ion Symbol Value Units

Area ol' zone Az 5,000 sq ft
%inter~ thermostat setpoint, occupied WSP 68.0 degrees F

Lov temperature liatt LTL 55.0 degrees F
Heating operation without EMCS Hh s0 hourts/week

Heating operation with ENCS Mhi'ECs 35 hours~/week
Heating system efficiency I4SE 0.70 decimal

summer thermostat setpoint, occupied SSP 70.n, degrees F
Return air enthalpy when unoccupied r" 49.91 Btu/l.b

Cooling operation without EMCS 11C so hours/week
CooliA~g operation with E1CS licnCS 35 hours / week

Cooling energy consumption~ per ton CMT i,5 kW/ton
Supply air capacity CFM 200 ii

Present fraction of outside air used POA 0.10 decimnal
Equipment motor horsepower HP 6.00 hpý

Equipment motor load factor L 0.80 deci.mal
Zone occupied hours OH 30 hours/week

Vaty cycl ing shutdown time DCST 25.0 percont
Demand limiting shed time DLST 25.0 percent

Wintor thermostat setpoint reset WSPR 10.0 degrees F
Winter setpoint equipment operation Hwsp so hourt/week

Summer thermostat seitpoiait reset SSPR 0..0 degrees F
Summer setpoint equi~pment operation Hssp 80 hours/week

Shut-down system when. bldg unoccupied? Y V or N
Present warmup time before occupancy WOJ 1.0 hours/day
Heating equipment operating schedule Dh 5 days/week
Cooling equipment operating schedule Oc 5 days/week

Ot Purge time before occupancy PrT 15.0 minutes
Opium start/stop heating savings 0.0 MBtu

Optimum start/stop htg-=vent savings 0.0 Mstu
Optimum start/stop htg aux savings 0.0 kWh[
optimum start/stop cooling savings 0.0 k~qh
Optimum start/stop clg-vent sa-vings 0.0 3jrWh
optimum atart/stop cig t~u savingis 0.0 kWh

Economizer cooling savings 0ý0 kWh
Scheduled start/stop labor savings a mh

Optimu~m start/stop labor saving;s 0 i
butymcycing labor savings 0 nih

sead intback labor savings 0 nih
cy/igtsebclin labor savings 0 nih

Economizer labor~ savings 0 r
Vent/recirc labor savings 0 nih

r, iuarecording labor savings
Saf &ty alarm labor savings 2

6-20



r~nnual E£ervyr Savings Table for Single Zone AHXU

Description: AHU 2 - Bowden oompcnont unit on S roof

* trategy MBtu/yr kWh/yr k0 mh/yr

Scheduled. Start/Stop 28.012 7,403 0.0 0
Duty Cycling 0.000 11,97 0.0 0

Dwmand Limiting 0.000 0 0.9 0

Subtotals 28.012 ",800 0.9 0
* Heating Value + 1,025 Btu/cf

Totals 27,328 8,800 0.9 0
cf/yr kWh/yr kW mh/yr

Input Data Table for Multi-zone AHU

System-Description: AHU 1 - Carrier package unit on NW roof

Variable Description Symbol Value Units
Area of zone Az 28,000 sq ft

Winter thermostat setpoint, occupied WSP 68.0 degrees F
Low temperature limit LTL 55.0 degrees F

Heating operation without EMCS Kh 8 hours/week'
Heating operation with EMCS HI1CS 63 hours/week

Heating system efficiency HSE 0.50 decimal
Summer thermostat setpoint, occupied SSP 76.0 degrees F
Return air enthalpy when unoccupied RAP 29.91 Btu/lb

Cooling operation without 'ICS H_ 80 hours/week
Cooling operation with EMCS K CICS 63 hours/week

Cooling energy consumption per ton CPT 1.5 kW/ton
Supply air capacity CFM 30 0 cfm

Present fraction of outside air used POA 0.20 decimal
Equipment motor horsepower HP 8.00 hp

Equipment motor load factor L 0.80 decimal
Zone occupied hours OH 45 hours/week

Duty cycling shutdown time DCST 25.0 percent
Demand limiting shed time DLST 25.0 percent

Winter thermostat setpoint reset WSPR 0.0 degrees F
Winter setpoint eqacipment operation Hwsp VC hours/week

Summer thermostat setpoint reset SSPR 010 degrees F
Synier setpoint equipment operation Hsisp 80 hours/week

Shutdown system wher bldg unoccupied? Y Y or N
Present warmup time before occupancy WU 2.0 hours/day
Heating equipment operating schedule Dh 6 days/week
Cooling equipment opezating schedule DC 6 days/week

Purge time before occupancy Pr?. 15.0 minutes
Fraction of totul air thru hot deck Phd 0.50 decimal

Hot/cold deck equipment operation Hhc 80 hours/week
Summer hot deck reset SHDR 4.0 degrees F
Winter hot deck reset WHDR 4.0 degrees F. Fraction of total air thru cold deck Pcd 0.5C decimal
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Summer cold deck reset SCDR 4.0 degrees F
Optimam start/stop heating savingq 0.0 X4Btu

Optimum start/stop htg-vant savings 0.0 MBth
Optimum atart/stop htg- aux savings 0.0 kWh
Optimum start/stop cooling .avings 0.0 kh I

Optimum start/stop clg-vant savings 0.0 kWh
Optimum start/stop clg aux savings 0.0 kWh

Economizer cooling savings 0.0 kWh
Scheduled start/stop labo:r savings 0 mh

Optimum start/stop labor 'savings 0 mh
Duty, cycling labor savings 0 sh

Demand lix.itiing labor savings 0 mh
Day/night setback labor ssvings 0 mh

Economizer labor savings 0 Mb
Vent/recirc labor savings 0 mh

Hot deck/cold deck labor savings 0 mh
Run tive recording labor savings 2

Safety alarm labor savings 2 mh

Annual Energy Savings Table for Multi-zone AHU
I___I___I______ n.mII

Description: AHU 1 - Carrier package unit on NW roof

Strategy MBtu/yr kWh/yr kW ah/yr

Scheduled Start/Stop 67.901 3,787 0.0 0
Vent/Recirculation 1.222 0 0.0 0

Hot/Cold Deck Reset 4.044 245 0.0 0

Subtotals 73.167 4,031 0.0
Heating Value + 1,025 Btu/cf

Totals 71,383 4,031 0.0 0
cf/yr kWh/yr. kW mh/yr

Tnptut Data Table for Hot Water Boiler

System Description: 1-5 1 - McGee 1K unit/bldg 300

Variable Description Symbol Value Units

Heating system efficiency HSE 0.60 decimal
Total input rating of boilers CAP 12,500 Btuihr

Boiler conversion efficiency increase BCEI 1.0 perc,•nt
Heating system efficiency increase OAEI 3.0 percenrt

HW boiler selection labor savings 0 mh
HW outside air reset labor savings 0 mh

Run time recording labor savings 2 wh
Safety alarm labor savings 2 mh
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Annual Energy Savings Table for Hot Water Boiler

7escription: HW . McGee 1K unit/bldg 300

i tYrat*ecY MBtu/yr kWh/yyr kW mh/yr

H1W Boiler Selection 0.1(9 0 0.0
Hot Water OA Reset 0.328 0 0.0 0
Run Time Recording 0.000 0 0.0 2

Safety Alarm 0.000 0 0.0 2

Subtotals 0.438 0 0.0 4
Heating Value + 1,025 Btu/cf

Totals 427 0 010 4
cf/yr kWh/yr kW mh/yrI - I __ ri n ..

Input Data Table for Water Cooled Chiller

System Description: CH 2 - Old Peterson unit/ E end of bldg 607

Variable Description Symbol Value Units

Cooling energy consiraption per ton CPT 1.7 kW/ton
Total capacity of chillers TON 45 tons

Chiller selection efficiency increase CSEI 1.0 percent
Chiller water temperature reset CWTR 2.0 degrees F

Chiller type 1 choice list
Present condenaer water temperature PCWT 83.0 degrees F

Present fan operation 0 choice list
Centrifugal chiller motcr horsepower CHP 60.00 hp
Centrifugal chiller motor efficiency CME 0.85 decimal

Step down percent of capacity SDC 20.0 percent
Step down percent of tixe SDT 25.0 percent

Chiller selection labor savings 0 mb
Chiller water reoet labor savings 0 mh

Condenser water reset labor savings 0 mb
Chiller demand limit labor savings 0 mh

Run time recording labor savings 2 mh
Safety alrm labor savings 2 ih
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Annual Energy savings Table, for Wamsr Cooled Chiller

Description: CH 2 - Old Peterson unit/ E end of bldg 607

St.Tatogy M4Btu/yr kWh/yr ^W mh/ygk

Chiller Selection 0.000 581 0.0 0
Chiller Water Reset 0.000 1,977 0.0 0

Condenser Watar Reset 0.000 5,134 0.#C 0
Chiller Demand 'Limit 0.000 0 1.9 0

Run Time Recording 0.000 0 0.0 2

Totals 0.000 ?7,"92 1.9 2
MBtu/yr kWh/yr kW mr/yr

Input Dat& Table for Lighting ControlrSystem Description: LT 2 - LT2

Variable Description Sybol Value Units

Total powe'r consumption of lights TC1 15 kW
Lighting operation without EMCS HI 80 hours/week

Lighting operation with INCS HIEMCS 32 hours/!weak
Lighting control labor savings 0 mh

Run time recording labor savings 2 mh
Safety alarm labor savings 2 mh

Annual Energy Savings.Table for Lighting Control

Description: LT 2 - LT2

Strategy NBtu/yr kWh/yr kw mh/yr

Lighting Control 0.000 37,440 0.0 0

Totals 0.000 37,440 0.0 0
MBtu/yr kWh/yr kW mh/yr

Input Data Table for Lighting Control

System Description: LT 1 -T1

Variable Description Symbol Value Units

Total powar consumption of lights TC1 84 kW
Lighting operation without EMCS HI 80 hours/week

Lighting operation with EMCS HlEMCS 55 hours/week
Lighting crontrol labor savings 0 mh

Run time recording labor savings 2 rh
Safety alarm labor savings 2 mh
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Annual Energy Savings Table for Lighting Control

ZDescription: 
LT 1 -LT1

tratgy NBtu/yr kWh/yr kW mh/vr

Lighting Control 0.000 109,200 0.0 0

Totals 0.000 109,200 0.0 0
MBtu/yr kWh/yr kW mh/yr

EMCS Annual Energy Savings for Building 607

Description Value Units

Natural gas (methane) 99,138 cf/yr
Elactrical Energy 167,163 kWh/yr

Electrical Demand Reduction 2.8 kW
Labor Savings 6 mh/yr

0
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Appendix A. DEFINITIONS OF VARIABLES

ACWT " Average entering condenser water temnperature in OF. ACWT is
calculated during normal operating time period of 0900-1600
for temperature ranges above 550F.

AE3 - Adjusted ef ficiency increase (decimal) of the condenser water
reoet.

Af - Enter tho building's gross floor area in ft'.

ANDW - kinual number of days requiring morning warmup. ANDW is
calculated durinq normal start-up time period of 0100 to 0800
for temperature ranges below 559F. ANDW is limited by boiler
availability; use the lesser of ANDW, scheduled days of
boiler operation, or WKHI x 7 days per week.

AST - Average summer temperature in "F. AST is calculated during
normal off-time periods of 0100-0800 and 1700-2400 for
temperature ranges above 75*F.

AWT M Average winter temperature in IF. AWT is calculated during
24 hour time period for temperature ranges below 654F.

Az - Area of the zone being serviced by this system in ft'.

SCEI - Percent efficiency increase when changing from one
boiler/converter to another. Use actual data or typical
value of 1.0.

BTT - bxilding thermal transmission factor in P.tu/hr- ft' . O.

CAP - Total input rating of boilers/converter3 in Btu/hr.

CF7H - Annual equivalent full-load hours for cooling in hours per
year. CFLH is calculated during 0900 to 1600 time period for
temperature ranges equal to or above 650F. CFI is limited
by chiller availability; use qcheduled days of chiller
operation if loss than CFLH.

CFM -' AHU capacity in cfm. Use, in order of preference,
manufacturer's nawe plate data, as-built mechanical plans,
catalog data, or a cfm value equal to the square feet ot the
area being served (Az).

CHP - Centrifugal chiller motor horsepower.

CME - Centrifugal chiller motor efficiency.
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CPT - Energy consumption per ton of refrigeration in kW/ton
(electrical) or lb/ton-hr (steam). Use nameplate data, value
from manufacturer's catalog, typical values listed below, or
approximate electrical power inputs for compressors listed in
the latest ASHRAE Handbook--Equipment. Table 2, page 12.7,
of the ASHRAE 1983 Handbook--Equipment is reproduced in
Appendix C of the EMCS Savings Manual. To convert tons/hp to
kW/ton,

kW/ton*- (0.746 kW/hp)/(l/xx tons/hp)

Typical values for electrically-driven units:

Air Cooled DX unit (old) - 1.5 kW/ton
Air Cooled DX unit (new) - 1.3 kW/ton
Chiller w/o pump (old) - 0.8 kW/ton
Chiller w/o pump (new) = 0.7 kW/ton

Typical values for steam-driven refrigeration machines:

Steam absorption machine = 18 lb/ton-hr
Steam turbine driven machine - 40 lb/ton-hr

CPT will be the same for all air handling systems using
chilled water from the same central chiller. Direct
expansion units or package units will be exceptions.

CSEI - The percent efficiency increase due to the EMCS selecting a
more efficient chiller.

CWTR - Chiller water temperature reset in *F. The value generally

ranges between 20 and 58F.

Dc - Present days per week of cooling equipment operation.

DCST - The amount of time, in percent, that the system can be shut
down for duty cycling.

Dh - Present days per week of heating equipment operation.

DLST - The amount of time, in percent, that the system can be shut
down for demand limiting.

Hc - Present hours of cooling equipment operatioh per week.

HcEMCS- Proposed hours of cooling equipment operation per week with
EMCS.

HFLH - Annual equivalent full-load hours for heating in hours per
year. HFLH is calculated during 0900-1600 time period for
temperature ranges below 65"F. HFLH is limited by boiler
availability; use scheduled days of boiler operation if less
than HFLH.
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Kh - Present hours of heating equipment operation per week.
Include warmup (%U) time.

Hhc m oura of operation per week for the hot deck/cold deck. Use
actual data or occupied hours (O) plus one hour per occupied
day.

MMENCS- Proposed hours of heating equipment operation per week with
ECS.. Include warmup 4ILT) time.

HL Present hours of lighting equipment operation per week. Use
actual hours of operation or hours of occupancy.

REMCS- Proposed hours of lighting equipment operation per week with
ENCS.

RP - Total motor horsepower for all fans, cooling, and heating
pumps associated with this system. EXCEPTION: For packagedunits such as Air Cooled Chiller-s and Air Cooled DX units,
include HP as a component of the CPT factor.

If horsepower is not listed on the motor name plate it may be
calculated as follows:

Design HP - V.x A x tdL r_
1000 watts/kW

where, V - voltage, A - full load or rated amperage,
* - number of phases, pf - power fa.ztor (use actual data or
typical value of 0.90)

For notcrs 25 hp or greater, it is preferable to measure the
electrical consumption. Use total system HP for auxiliary
equipment applications if required.

HSE Heating system efficiency. Use manufacturer's data or the
following average values:

Oil or gas fired boiler and
hot water heating system 0.6-0.7

Coal fired boilers 0.6
Electrical resistance duct heaters 1.0

All systems - Use actual data for heat exchanger efficiency
(HEE%, boiler efficiency (BE), - and distribution efficiency
(DE) or use typical values of HEE - 0.90, DE - 0.90.
Calculate overall efficiency as follow&'.:

HSE - HEY (if any) x BE x DE

Hssp - The time, in hours per week, during which the system is
operated at the SSP.
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Rv - Heating value of fuel. Use actual data or the following
average values:

Electricity (at the meter) 3413 Btu/kWh
Electricity (at point of generation) 11,600 Btu/kWh
Fuel oli, distillate #2 138,690 Btu/gallon
Fuel oil, residual #6 149,690 Btu/gallon
Natural gas (methane)1' 3  1,025 Btu/cf
Propane, gas,' 3  2500 Btu/cf'
Propane, liquidi.3  91,500 Btu/qallon
Bituminous coal 2' 3  26,260,000 Btu/short ton
Steam (at point of consumption) 1000 Btu/lb
Steam (at point of generation) 1?90 Btu/lb

Hawp The time, in hours per week, during which the system is
operated at the WSP.

I - Total air infiltration for the building in cfm. This value
may be calculated using methods discussed in Chapter 23 of
the ASHRAE Handbook--Fundamentals.

L - Load factor for the motor(s). Use actual data or typical
value of 0.80.

LTL - Low temperature limit in OF. LTL is the lowest allowabletemperature for the zone. Use AWT in place of LTL if
AWT > LTL. If no LTL is desired, use AWT in place of LTLand set PRT.-0.

OAE - Average outside air enthalpy in Btu/lb. OAE is calculated
during the normally unoccupied time periods of 0100-0800
and 1700-2400 for dry bulb temperatures above 75"F.

OAEX - Percent efficiency increase in the heating system.
Increased outside air temperature will reduce demand thus
allowing water/steam temperature to be decreased resulting
in decreased system losses. Use actual data or typical
value of 1.0.

OH - Zone occupied hours per week.

Pcd - The portion (decimal) of total air passing th~rough the cold
deck. Use actual data or typical value of 0.50.

PCWT - Present condenser water temperature in OF.

PEI - Percent efficiency increase of the chiller.

Phd - The portion (decimal) of total air passing through the hot
deck. Use actual data or typical value of 0.50.

POA Decimal fraction of outside air which is inducted into the
system.

A-I4
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PRT - Fan percent riun time to maintain 550 Low Temperature Limit
(LTL). The percent run time is the percentage of scheduled
off time during unomcupied periods when the fans and pumps
must* come back an in order to maintain a 55OF low
temperature lim~it. Use the actual equipment schedule if
available. if no LTL is desired, set PRT=0.

PT The outsid.z air purge tive, in mainutes9 which is required
prior to occupancy for a system which has been shut down by
the scheduled start/stop strategy.

MIR - Kilowatt power rating for ealectria hoatin'q devices.

RAZ Return air enthalpy during unoccupied hours. Use 29.91
Btu/lb for 78OP and 50% humidity. For nthei* ~conditions

K ~~~obtain value from psychrcrnotric chart (. 'x )

RCWT '-Potential. reduction in condenser- waer~ '.ým ature i.n or.

PEI -Rate of efficiency increase per "F~ in chilled
wa~ter temperature. Typical valuas,

Screw compressor machine .024 per OF
Centrifugal machine .017 per O F
Reciprocal mac~hine .012 per *F
Absorption machine .006 per OF

MMi Reheat system cool ing coil discharge reset in OF. Typical,
increment 30P. Maximum value typically 66F.

SCDR - Summer cold deck reset in ý'F. The average reset that will
result from this function is depoisdanrt -,pon the air handler
capacity relative to loads in the space that it serves.
A typical increment is VF.

SDC - The percent11 of maximum cooling capacity thiat the
centrifugal chiller can be stepped down for demand

limiting.
SDDDBT- Summer design data 2.54 dry bul~b tamperature in OF. This-

in the dry bulb tarperature which was equaled or exceeded
2.5 % of the time, on average, during the warmest

chiller can be shut down for demand limiting.

SHDR=SumrhtdcreeinO.Teaeaerstthtwl

A typical incrament is VF.
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98P -~ Suimer thermostat setpoint for occupied periods in OF.
Typical value 75*F.

SSPR - Guinier setpoint roast is the number of OF that the

thermostat is raised during cooling season unoccupied
periods, SSPR :5 (AST-8SP). SSPR is used (infrequently)

TC1  The total kWf power consumption of lights in zone..

1\1N -Chiller capacity in tons of refrigeration.

U -Thermal transmittance factor for specific exterior surfaces
in Btu/hr-ft2 .F.

UcAc 'aModified Combined Thermal Transmittance Factor. ThisI
modified combined U f act-or is f or all exterior surfaces
(walls, windows, doors, roof) and way be calculated using
methods discussed belaw and in Chapter 22 of the ASHRAE
IHandback-PaFndainentals "ref A-pni )

'Repeat the U x A calculation for each different type of
wall, window, door, or roofing material.

UoAo -(U wall x A waYil) + (U window x A window)
+ (U door x A door) + (U roof x A :'oof)

WDOUST- Winter design dita 97.5% dry bulb temperature in OF. This
is "the dry bulb temperature which was equaled or exceeded
97.5 % of the time, on average, during the coldest3
February) -

WhIWR - Winter hot deck reset in IF. The average reset that will
result from, this function is dependent upon the air handler

caaity rel.ative to loads in the space that it serves.
A typical incrament is 4*F.

WKC - ength of cooling season in weeks per year. WKC is
calculated using all annual total hours above 55ý F.
WKC is lesz than or equal to chiller operating period.

%M4 -Length of heating season in weeks per year. WXH is
calculated using all annual tat"Il hours below 550 F.
WBX is less than or equal to boiler operating period.

WSP -Winter thermostat setpoint in OF for the zone being
serviced by this system.,

WSP R - The number of IF that the thermost-at is lowered during
beating~ season unoccupied periods. WSPR is less than or
equal to the smualler value of (WSP-LTL) or (WSP-AWT). WSPR
in used for the Day/Oight Setback strategy.
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WU - Present warmup time beie occupancy in howrs per day. Use
cureently schaduled time or 2 hours jer day.

, Ntes 1. Heating values for these materials are averages based
on the following conditions:

Dry gas at 609F, 30" Hg., Specific volume at 320F,
29.92" Hg.

More precise data may be used if available.

2. This is an average value for low, medium, and high
volatile (A, B, C) bituminous coal.

3. Reference 1989 ASHRAZ Handbook--Furndamentals.

A-
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Appendix B. CONSTANTS and COtr-RSION FAC'"IORS

1.08 Btu/cfmghro*F =>
nominal air density x nominal specific heat x conversion factor

0.075 lb/ft3  x 0.4 Btu/lb.'F x 60 min/hr

4.5 rain.lb/hr.ft 3 w>
nominal air density x conversion factor

0.075 lh/ft3  x 60 min/hr

12000 Btu/hr - ton of refrigeration __

1000 Btu/lb nominal heat content of steam

0.746 kw/hp

Tons of cooling (chiller) - (GPM x delta OF inlet to outlet)/24

Condenser GPM - (Tor:r, of chiller capacity x 30)/delta OF inlet to
outlet

168 - hiours/wk

52 - wks/yr

B--



Appendix C. ASIMAE DATA and MEO'ODOLOG

SChapters 22 and 2:3 in this section are reprinted by permission of
AS,•AE from the 1981 ASHRAE Handbook--Fundamentals. These sections,
including handwritten corrections, were received from ASHRAE on
March 11, 1992.

The paychrometrIc chart and "Tble 2" have credits as noted.

ISf
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ft CHAPTER 22

'JTHERMA-L AND W4TER, VAPOR TIRA NSMISSION DAIA~

Buildins Enwe'ope ............. 2..... ...... .. ... 2..L
Caicdating Cvem/zl TheWW'! Re.iLtances ................... 722
Mechanical and Industnal System........................ 22.15
Cdce~rdasg HIf eR ow for Bwried Pipeline: ....... .......... ...22-1

*! HIS chapter presents thermal and water vapor transmission a iuilding tm.velope component i i test a represenrative sample
I* T ambaedon steady-stat or equilibrium conditions. Chapter by a hct box u'ethcd. Rowever, all3 consbifiations May tot bV COtu-
3 Covers beat transfer under transient or changing tcrnperature verjantly or c'conorntically tested in this mainnc-. For many simple
conditions. Chapter 20 discusses selection of insulation materials constru..or~s. callculated R-values atree reaso'nably well With
and procedi'=n, for dletermining overall thermal reistances by values determined vy hot box mesuaremenet.
simpUficl mnethods. Thv perfortrance of materiah t'abricawd in tht field is especially

subjert to the quality of %wOrkmanship during construction and
BUTlLDENG ENVELOPES installation. Good workmansbip 1;c=tnei incresing1y important

Thermal T~mosuukswon Data for BuligComponents as tire insulation requ~iremnent becomes greater. Thierefore, some
Buildingengineers include additional insulation or other safety factors

The steady-atate theztnal m-luances (R-valuas) of buildingb cocw. based on e.netinc* in their design.
ponents (walls, fico4rs, winunc*s, roof systems. etc.) can be Figure I ShOWS how QconvecionafetsAM surface conductance of
aC'W.9%Lo4 from the thermal prcpmrin, of the Materials in the comn- several rnateria~ii. Other tess on smooth surfacts show the Avcrmie
ponemt or the beat flow thsrough the assembled component cuti value of the. convection piart of conducramnc decreases as the length
be measured d~wirey', L~vit lsonry equipment s'ic as the riord- of the surftce increama.
ad hot box or the: cilibrared hot bor- Vapor remrders outlined int Chjapters 20 and 211, requirt spez~al

JObles I through 6 lUst thermal values, which may be ased to attention. Moisture from condensation or other sources way
calculate thtrmal nesi~ances of badiing walls-, Rloors and ceilings. reduce the thermal resistance of insulation, but the effec: of
Tne vidlues shcwxt in Uiewe mbits w,.,) developed undei idtzLA con- moisturc must be dcwerrained for each material. For example, some
ditions. In practime overal ri'errrna performance~ ctai be reduced mraterials with large airspaces &re not affected sigirificmitly if the
silnifcarui by suvh factoe.s as improper installation and moisture content is !ms than W'0% by weight. while the effinct of
%Wrnkagt settling, or compression of thu.'insulation (Ty.e and Uxs- mitr nohrmtraai prxmtl iCJ
Jarlais 1983. 79t 1995, 1986). Ideal conditions of componenti aud installarion' are assumed

Most vaincas in these tables were obtuin;d try at~eeptedN rSm. in calculating overall R-4kues, (ie., in~sulating materials are of
test naethod& dezcribed in A.5tM% Standudxs C 177 and C 518 for uniform nominal thickness and thermal reiistance. airspaces are
materials and AZIM Standards C 236 wud C 976 for building of uniform thickness and surface lemperuire. moisture effects
errvaope confpoatnfts. Bacatuse 'ýriamercialy available materials are not involved, and inst.allation& details ar.- in accordance with
vA", not all values apply to sr.,mciflc products. Prrvious uilidaons design). The National Bureau at Standards Building Materials
of the handbook can be coaulted Cor dama oa- nateials no longer and Structures Report [MIS 15 1 shvws that measured values ditf.
"vaimertiafly available, let from calculated vralues for ccrtain insulated constructions. For

SThe most accurate metthod of dec.-minizg itic overall thermal this trason, some engineer's deermase the calculated R-vaiues a
Wrresistance for a combination of building~ mzzerries assmbled as moderate amount to account for dcprcures of' constructions from

requirements 3fldpraýtOtCe5.
rm~~~ %~inefTis6plris sind W TC 4.4 Thm~,i Innaujiw Jý- Tables 2 and 3 givc. v"ue~s tbo' wefl-scaied systerrs constructed

MOIWU? PM~dadrs. withs care, f'ield applications cana dirf~r subs~tantially from
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labotawy tues condilons. Air Saps 1v thwe tyrpes of ic.,,iation (2) Surroundir43 surfaces at. ambient air teanperatumi;
systems can seriosly dpegrde thermal perfaimance as a result of (3) Exterior wind velocity or 15 r.1p1 for in tt'er,(slartace with R
airmtowematdue tobothnazuxal and forceclconvection. Sabine 0.17 *, t2 -h./hu) and 7..1 mph for suvrimcr (surface with R
et dd. (W 75) found the tabular value: ame not necessarily additive - 0.23 F-.ft- h/FBru); and
for multfple-btqw, low-eratittanve airspacms and tests Gn actual (4) Surface crniustnce of ordinary buildin~g materials is 0.90,
cosrui shoud ii conducted ta alccuraely deuerwine ther-

aw resistance valups. Tabtle I Suilace Conductance*. Btu/h -W .0F,
Value for foil histlation product% suppied by manufacturers iand Reitne.O ftl h/Stu. for Ai.-OA.C.d -

must also be usai voith caudon b'ecause da apply only te system Sufu Eritoe #0
that am identical to the configuration In which the product Was
tmzeJ. tn addition. surface oxicdatior. dust accumuLadon, and Poeldam of Dlretillo Noo.. Reflective
ather &M~rs that change the conditicin of the low-emit.w.cai sur- Surface of Heit nnflfti've
face can reduce tht tberynaa effectiveness of thwee insulation F1~ .0 c-0.10 4 Q .05
systeats Nwticlration results from cont~ct %vith several types of R l h t h R
solutions. tither acidic or bsic (e~g.. wet cemetit mortar or the S-ILL AIR
prceservatives found in deesY-reistaurt lumber). Polluted Cu. Horizontal Upward 4.63 0.61 0.91 1.10 0.76 1.32
vironments, usaw cause rapid and severe matenal degradation. sloping--4S' Upward 1.60 0. 62 0.48 1.14 0.73 1.37
Howwem. site.inspectionsshow a prdominance ofwell-preserved vertical Horizont.l 1.56 0.63 0.74 1.3.1 0.59. k.70
installations andonly savullnumber ofiusninwhich rapid and Sloiping-41' Downward 1.3.1 0.7 6 01.60 1.6"7 0.45 _1.'=

mvvedeteioraion as ocurrd. Horizorhtal Downward LOBt 0.92 0.3-7 2.70 0221 4.35

CALCULArING OVEEAIJ ThERMAL MOVIN4G AIR (Any Positionj h, ft no _ h R
RESISTAINCE 13-.rph Wind Any 6.00 n.17

Relar~met snzail conrluctive e'uuents within an inuatn -oe (for~% winer 4.00 0.25
or thermatil bridges can substantially redusce the average therM31 (for ,tummer)

has~im.ce of a compontent. Mzamples; include wood and mttal-
wxids in fn.nun walls. coserm wft s aocmew msonry walls, and af-A Wlffi has both an aiWsec restarc val'&M ad sufc reuv vam

meta tr oroik~ dscens i i~snlmte wal paels Th foow~ No aispect value exstsn far any surface facing an airspae. of Iau thus 0.5in
wawl d o od~r iwntsin uudwdwa~ pnel. Te ollw- blpar munlaaed atita or space above milins sander summer casdia.ns Wbatins winples Mfummat how to calcu~aut R-values and U-factors for flow ftwný ),e Table 3.

components contalinin thermal bridMs eConas*c.am a' For surface of tte smsed aunitance famnst virtual biackbody j

roe foliowaing conditions axe assawned izikn am the deuign sitiwjsdlgs at the eam tfEpert2uft a tts. amblent ai. Vaiues am Oased an l
a surface-ar temsperature diffenam of 107F and for surface temperature of 701F.

(1) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~Os Eqiiru rwe et~ tln i SChaper 3 far mane detild Informauan. asomcally Tbles 5 and 6. and
(1)Equbrim o imy-sw hw msfa diregrdig cfecs w FIpAn' I for a~ddtonal dama.

of bea storage; QCoodensate can have a spigricant impact an surface eaittnae. (we Table 3,1.

Table 2 -The.inal Resistenes of Plane M4rspnees. OF -r Ft .h/Btu____
fiWdlle DMiuetku Alace 0-441. Aiwpeee' .75.4.. Aiuspace

NinW.ce nota UMe.. DIlL4. LhCO alel mtgame. fdA Male"iv Esulusam E.

40. 0 Z1 MiS 646 52 ." 6821 0.03 Z-"o 1.: 0.5 0.75
so 50) W 1.057 IM) 0.96 0.54 2.30 2.61 1.30 0." 0.77
3: IQ1 2.10 21.03 1.7 1.11 0.011 2 2.30 = 1.78 LI 1.0Oi

KudLz 0P 20 1.73 1.70 M.4 1.12 O.91 LIM 1.79 1.52 1.16 0.93
s o 20 I9 L 16 1.4 LM3 L.0I L.77 1 74 1.55 1.2.7 1.07
3 0 2.M 2.00 1173 1.40 1.16 21-4 Ili2 1.84 1.46 1-10

90 IS 3.44 2.31 lAS l.S 3.76 2M9 2.73 US 1.15 0.31
so0 so 2.U6 tic 1.56 1.10 0.83 L.9 1.92 IZ I.0 0.82

,7 SRI to LS L." 1453 1-12 0.90 2.910 2.75 2.0 129 094
Slo: P 2. Z20 1.14 1.76 1.30 LM0 243 2.07 L.7 I.23f 10 2.6 224 2.0 1.4A .Oo 2.72, 262 IM0 1.47 1.12

-30 20 2M0 L04 1.73 1.42 1.17 'L0S 2.01 1.76 1.41 1.16
-. 14 I0 W.6 '-6 2.17 L IM 5.3 23 2.7 2.10 W.. 1.30

so to 2.47 22-4 U.~7 1.06 0.77 3M0 3214 2.06 1122 1.34
W0 30 2M7 246 1.8.4 Q1 ~.0 2.91 L.77 2.01 2.30 0.94
50 to 2.6 Mu5 LS8 US (.V 70 3.46 2.35 1.43 1.01

Vcn'.aA horisa aa. 20 1.32 2.72 2.14 1.50 1.13 .1.14 3.02 2.32 1u3 1.13
0 10 2.93 ?M1 2.20 1,33 Q.3 '.'.7 M.9 2.1*4 1.73 1.26

-3o 110 L.9 2.5 LIJ 1.76 1.39 2.90 2.33 i.36 1.77 t.39
-90 to 3.20 3.10 2J4 147 1.46 3.72 3.60 2.37 2.041 106

,1, 2.V LAS 4 d 5.07 Mm 3.77 3.53 3217 2.10 1.23 0.64
so JO 2L4 M2 147, 124 OX 3.43 3.23 2.24 1.39 0.99
30 10 2.7 2-15 Lrp 1.2. 0.t2 3.31 3M7 2.40 1.45 1.02

SO"ean a 20 2..71 2L 2.19 1412 1.93 3.75 3.5? 2.63 1.72 1.26
0 W0 2.94 243 221 1.53 1.23 4.12 3.'M 2.81 1.80 1.30

-50 20 3.16 3.P "Z 1.86 1..tS 3.73 3.6S 2.90 t.o$ 1.57
-50 10 3.U4 1.16 V's9 119 1.47 4.35 4.15 32 _1' ",I2 m

so 30 2A66 2.4 2.55 1.24 (0)1 3.77 3J. 2.33 144 1.02
50 to 2.67 2.55 L89 "is 0.91- 3.54 3149 2.41 1.45 1,02

H(i- DOWes a 20 3" 74.1 Z.20 !.53 1.05 4.13 ).96 1-83 1.31 1-30
10 2.6 7_0 2.22 2.5) 1.05 4.25 4.02 2.87 142 316

1 -500 20 3.15 3.15 2.53 1.89 1.47 ,61) 4.41 3.36 2.!3 1.4b9
-90 20 3.28 3M3 2.h0 1.90 1,V7 .2.71 4.51 3.42 139. 2.71



hermal and Water Vapor Transwission Data 22.3

Tube 2 Thermal Res;'smaces of Plane Alrspeces'•, OF • I'll h/Rsu (Concluded)
pishao 101'asoa MMAizmn 1.5-4ws Airpaco' 3J4%1. .%in",ce

He... iff 5 dd. E ffective .tI nfe.¢clfe E Emlall .t'd
flow F M 0 LOS 0. 0.5 0.82 0.03 0105 0.2 0-5 08.2

90 10 2.L5 2.41 1.71 1.01 0.7 "S4 2.66 1.33 1.13 0.30
50 30 1.8? 1.81 1.41 1.04 0.10 2.09 2.01 I.54 1.10 0.84
50 10 L4 2`ag 1.51 1_11 0.89 2.30 12..4 l.93 1:3 . 0.93

I 0 20 2`0d 1.95 1.63 1.zl 0.07 2.Z5 2.114 1.79 3.32 1.03
0 10 2.43 I.LI! L." 1.38 1.06 i.73 . 6. % 7 1.417 1.12

-30 X 1.9A I PI 1.648 1.4' 113 2.19 2.14 1.6 1.4. 1.20
.50 10 237 2..31 .I 1.11 1•46 2.65 2.53 2.38 1.67 ..3

.40 10 2.92 2.73 1.36 1.14 0.80 3.18 '.,96 13.77 1.18 0.82
.5. 30 30 2,14 2.06 1.61 .1.1 U. 0.1" 2-.. .. 7 t.6- 1.15 0.36

30 10 2 .3 8 2 .7 4 I .91_ .,9 0 .9 .4 3 . 3 2 ., 9 5 2.1 3 1 .3 ,L 0 . 0 6

Up 0 20 -2.3C .123 ,.8s 1.34 1.04 ._42 2.15 1.90 1.38 1.06
t to 2..9 2.69 2.t7 1.49 1.13 2.9, M.31 -.1.3 .| .1.6

-SO . 20 2.2_ 2.17 1,18 1.49 1 .2 23- 2.=9 L.q 4 1.2.!
-t o0 2.71 2.64 =.3 1.69 1.35 2.37 2.79 2.33 1.-! 3.39

90 io 3.19 !.66 2.2. 1.27 0.37. 3.69 3.43 21.1i ;.-4 0.5
50 30 is8 .46 I'.M4 1.23 0.90 21.67 2.!! 1.39 1.:2 01.9
.10 i0 2.79 3.9 , 2.39 I.1.45 1.02 3.63 3..U) 2.32 3..6 101

Vaxkll HKri. --,qi. 0 20 2.76 2.A4 2.10 1.4. 1.12 2.88 2.78 2.37 1..l 1.14
6 10 3.11 3.75 2.53 1.67 1.-3 3.49 3.33 2-,.0 i. 17.•|

-50 1-0 .64 2 .1.. 2 1661 .4.6 2.-2 2..2 2,75 Z.30 1.713 !X.7
-s 10 3,J 3.21 1.62 1.91 3.48 3.40 3.30 .. 057 1.94 3.!0

0 10 3.07 4.53 2.56 1.34 0.91 4.3.1 4.J3 2.49 1.34 0.90
50 30 3.38 3.36 2.31 3.42 20, 3.53 3.-30 .25 1,.0 lAt)

4530 e 30 310 4T. 1.60 1.09 4.74 4.36 L.13 1.57 I.QSloe Down\ 0 20 3.85 3.66 2.68 1.74 I.X7 3.81 3.63 2.66 • 1.74 1.27

0 0 ,o4.92 4.62 3.16 .1.4 147 4.!.9 4.32 3.0.2 1.8 '1.34
- 20 3.62 3.0 2.350 2.03 .54 3.77 3.6. 2.90 .05 3.57
-50 10 1.67 4.47 3.40 2=$ I.7o0 4.50 4.32 3.31 2-.1 3.S1

0 30 toP0 1531 2.79 1.43 0.;4 10.07 8.19 3.41 14.7 .C'i
s 50 30 O.27 5.63 J.38 1.70 1.3.1 9.,o 9.17 3.6 1.348 1..
so 10 t.61 .M 3.317 1.73 1.13 1.131 9.27 4.09 1.93 1.24Hoi DOW, 0 20 7;.03 6.43 1. fi 2.19 L.49 10.90 9.512 4.17 2:..7 1.62

0 0 7.33 6.66 4.00 2`2 1.51 31.97 10.32 5.0L 2.1i 1.64
-90 7.73 7.20 4.77 L3.5 1.9 33.44 10.49 6.02 3.M 2.i8

--. 0 Ic 4.09 7.31 A.91 2.319 2.03 1. 91 11.6 6.36 3.34 2.=I
_____il3We imewl20. 2I o s on an"mm s Affofeemg Hsu 'k)ansfr Amcls Aw• lr OfU wfor iAhk"u5 bourmgd b7 lap/i smIaUhO&t siA3SUrf-vs with no air lesk•1tge

W• "lamaO NrelMl cQUm•Wu wIde11wulAd fnxmn thle o•aW t N I-C. whe41 C g tyot ,M the Spam WhMi eccwrev&lues aem requsired. us overll U -fctors deter.
+l. gk,. It.. Is thecOnduhn-o•saum.t wi cefcient. £h, is the runldio coael. fmdi tIhugh calibatued hot box (A.ST C 976)or Suarded hot box (ASrhI C 236)

riddent a O.63"1681(a + 460Y/t0013, snd *, in i a the w ftmpem e o0 tlw tstxinS. Thermal m artnce values for muliple .wrspaces mug.t be baud on careful
alfrP4oc. Values for 1.,% avm determined from duta demiloped b7 rxm~tw er aL eiim-es of mean temperature diffemrie for mhcl airspact-

(19t4). EXquaMo 3 irtmagh 7n -aVatrbuh (3O63) show the dam in T4k-le 2 r analytic cA sinke teisunce vsille cannot Jecount for multlpm as•ci airspm t"-
fors. ,rw azarpoilmO from Uwi 210o ainpam.s les theis 04 in. (as in aslujazmso quirm a japlrat re 4tce cicul.aoio thal applies only for the established boun-
Window 6:1a33). ame duth, •aditias. Rahsaa•nua f 0ouonwil spaces with heat flow downward are

he 0.139(3 + 0.6 tm)/I psuan~ially independmnt of mapa•rUas dlfferw,•t.
4W , 01n is pef8a•,ibkl for otlher vses of mum trmperatumu iallamnitus dif.

llsthe sc thicess ilk in, and ke is heat transfer through the airspac fe Ine . sod effective emiunce R. Interpolattion a modr er,.Iti for
-el.

--Q*, -(95) airWsei grwater tbari 3. in. ane also permvsshI.o 2(m(--M3. , baudondm presneby Robib . aneLd (1941.4 ).CoAhawter 3). "Eff *ective nitgawt" S of thW ir iweta..a# lIE .ai 1n1a- iA/ her el
3. "TOWs J an~d 4 ulu Chapter 39). Values apply for ideal cond!€OULK L*•. w pwrs and e2 a e1• 4emittaices of thle su rfaces 7 the *Arspt e( Teble 3). el

Wood Frame Walls EkUt R(Ilsulatlon) R(Framing)
3. Outside surface (13 mph wind) 0.17 0.17

Theaerage overall R-values and U.fators atwood frame walUs 2. %bod beeti 3opt siding 0.81 0.81
can be calculated by assuming parallel heat flow paths through .,. 0-15in. she.tnin 1.32 132

areas with diffrent thermal resistances. Equations (1) through (5) 4. 34-iL. min•-al fiber b-tt insulation 1
5. Nominal 2b•7 4 vood stud - ,.38
6. 0.5.in. gypst-w. w"dibe.irn 0.45 0.45For simple std wall 16 in. on center (0=, the fraction of fram- 7. Znse surface (still 40r . L.6-- A.

ingisssLumedtobeapproximately0.15; for studs 24 in. OC, ap- R- 14.43 R, ".81
proxinateiy 0.12. Theoe fractions contain an allowance for multi-
pie :tuds, plaes, sills, and extra framing around windows and
doors but do not allow for headers or bard joists. Therefore U, - o.o0. U. -. 0.128 Btu/h---ft-T.

If the wood framing (Lg.. thermal bgidgiv.) is not included. Equation (3)

ExuaplelCaiculam the U-acwrofthe2 by4stud wag lhown in Figure from Chapter 20 ma"y be used to -.ilculate the U-factor of the wall 2

2. The suds arn at 16 in. OC. Therm is a 3.5. in. minerai fiber batt insula- follows:
tlon (R-' 3) in the stud space. The inside finish is0.54n. ypsum boart. the
ou.ide ki~ fnin d with 0.-54n. vegseble fiber board sheahing and 0.5-in. U.. - U, 0.0698u/h fti-'F

by 8-i.. word lapped siding. The framing ocu•upies approximately 15% If the wood framing is accoun.d for tu'n,% the parallel flow method. the

of the trnsmiaion area. UL factor oir the wall is determined using Equation (5) from Chaptetr .0 as

Solution: Obtain tha, R-value of the various building elements from follows:

"Ubles I and 4. U., - (0.85x0.06., (0.x5:,&0,1S8 -0.078 13tu/h ft-3'F
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if he Wood, 1lAmWO , is wldu"! v~ifs 1 isoterm AW fi~d I a - fraction or total am rea tvnns w to hcat nlow tepresetmsed iby
U-faCtor Of the Wall Is doetmiat~we uasing Equations M2, sit (3) from webs of blocks
chapute 20 as tollowmi- aatraction a( totoi ame transvt:te to heat nlow represented by

Z- 34 +i(OSILO + (0.13/4-3f')j 1.1.(3 core$ of kIsock~s
UL IF- flho'Stu 5f ropt th inora tiara given and the dau in 1bbia 1. determine .i~c -mluas

nec?844 to comp~atot the overall1 thermal resistancet
AsWa ftese wal with &24 In. OC itd ws~ca. the aw.ae overal f-value Nj- 0.68

t3 qVqlua~e Oahea -,MRj dlgns. Pf a (21)(125)(0-10) - 0.23
ft 14.86

The .romp overall It.values of wasonry walls can be estimated 0 LS1.2 .1109
bYa' uzr'ng a combinstion of homer in~ 3Pdes. une or more of Using uw~ equatiod given. the overall therma~l resisunce and average U-

whphrinwidalp&lls paths. This meIod i s used because heat factor atea calutasted as a to-4s:
fvmlawallzy tkrughblock faceAds o that usawre me iothwr Jl - 0.68 + 0.2 + (Q.5l)(14.8tS)/((0.808)(0.!t)
tnal pbunes result. Averag total resistance R I. is the sum of the + (0.1921 (l4.W6'- 0.17
ultSUAzCM Of the lyesbetwM sucb vlwv-*tauch IM aye lcukatd 0.68 -t- 0.25 + 2.33 + 0.17 so 3.43*F-ftrh/St'.

at shown in mumnple 2. Lt.,- 1/3.43 - 0.292 Ecu/h- ft-- T

at the ?-S/AW&n thick houate P or -u block wall daowun lFpAvI 3The ftvsiue for ud~s insulated concrete block wall as 3.131 *F W- h/ttu.
tw.o-ore block has an waraap web thickues tat 1n. aat a tactSea Asuigioall ha a teihecluatdrsstnei
thickness of Cf4-t. Ca'U block dhncnsioris sam 7-1/8 by 7,3/8 by sazngpalehertwolythcacaeirssaces

15./4 ta Thrnu eissnemofll2 /ft3 cwmrvs nd S b/fte'puzu usually higher than that citlculated on thre assumption of isother-
~i ~ ~ 20 ~ ~p. r. ~ ~ ~ ~mal plunes. The actual reistance generally isw~xne value between

ad x* ýIt til ao am -1 an L9 OF f~' h S t h, pe n p~ -i e the two calculated values. In the absence of test %alu ea. esa mn a.nSohiaw Th eqad asd t deermnethq, oetal temmaln~itanr. don of the construction usually reveals whether a value close-. to
oftshiuapteonr 2aA, bIs~ sive l b elow. frmt'.aa 2iad hch higtier or lowcr cztcuisted R-vulue should b~e used. General.

free Charer20 ad issavs baow ~ly, if th-t eonsurucrionzwntain a LoWr in whiuch WaWea conduction

ar~.'+ A, is high cotapaied with twstuittAnce through the construction. the
zp R, A&*R calcuiation with isothermal plazzes should be used. If the construc-

tiors has no lawae of high lateral zonductrnmc the parallel heat flitaw
calculation should be used.

R ~. ovarall thnuerldM istantue based on dth assumption Qf Hot bot tsets of insulated and uninsulated mason-yv\afls con.
imwf'P~e smarewd with block of conventional configuration show that dim~.

A,*thermalmuw ~ei~aof inside air surface Mmr (still air) mal resistances calulated using the isothermal planes henz flow
A,-th-.ruma asmatzc of outzside air s=dace Almn (13 mph vdn4M

P1  toal tbus'ea resistance of fawe shells
- terml uasmnc a coesbetwetn face tshtls ,

ft. thrma stnreor webs betwee face shalls

La- ~
- [- -- -- H-f- 'A

IL~

4 1' 2ii

.Ou"Wae Surtecol (15 Mon wind)
- 2. Vwodsading. 0u.6 ^y tS an m. ed

IhI 11. -. 20 3. ShWng. 03 irt. vegetabie fiber bosar
4.Mviwia fiber waf inw1ahm. Mi.5a

Mlg. I Surface Ciouductance for Differeut 12-Incha-Square
Surfaces as Affected hky Air lvWovemeat Fig 1 lv;~uiuI'¶tlWd IV FrJPate %Wll (Example 1)
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method agre well with measured valuet (see Van Geem 1985, 1.25 in. thick and 3.50 in. deep with a thermal resistance of
Valoe" 1980,Shu et al, 1979). Ne,1lecting horizontal mortar joints 0.69*F- ft--h/Btu 1(1.25/0.021) x 0.0111 does. The Building&result in thermal transitia.ce values up to 16% lower than Research Association or rNew Ze~aland (BRANZ) commonly uses

&;nal. depending on the density andi thermal proper ties or' the this approximation.
muasoary, and I to Mw lower dotpendir4 ton the core insulation :\Asmiple 1 Catculi's:, the C-factor of the insulated steel frame wall
material (Van Gumn 1985, Mclatyre 19941. Horizontal mortar shown in Figure .1. Assume that the sttul wvtmber has sa R-valva of
*Joints usually found in concrete block wall construction are 0.9F hi t/Iatu ant!~ that the framing behaves as though it occpies ap-
negiected in Example 2. proximately Swe of the tr~uismissionar.

J~~,. C~Tlj~ 1p R-vaiti'i of the various building elements fromn
Panels Containing Metal table 4.

Curtain wall constructions often incliude metallic and other Element Utintsuiwilon) RitFrumnlg)

thenrmal bridgies. Theral resistance of vanecs can be significnntly 1. 0.3-in. gypsum wallboard 0.45 0.45
reduced by ractallic thermal bridges. However. the ca~pacity of the 2. 3.S-in. ri~igINal fiber bitt insulation 11
2djacmt facing materials to taunsmit heat trans~verly to the meta 3. Steel framing member 06
is limited, and some contact resistance betvrear all materials in 4. 0.2-in, gypsum wallboard 0.45 _ 4

contact limits the reduction. Contact resistances in building struc- -i~0 R. 5
tures are only 0.06 to 0.6*F- ft--h/Btu which are too small to be Therefore C, v 0,.084; C, - 0.6'.9 Riu/h-ft- T.
at conrtern in many cam, Howemr, the contact reisuinces of steel If the steel framing (Lt.. thermal bridgiaig; is not considered, zhe C-ractor
framing iner~m.a ter important to consider. Also, in many cases of the wall is calculated using Equation (3) from Chapter 20 as folluws:
(as illustrated in Example 3) the are of metal in contact with the C,-C R .8 t/-f2
Wainsgrealy emseds the thickness of the metal which mitigates C /~ 004U/tt's
the influence. If the steel framing is accounted for using the parallil flow mtnrhod. the

Thermal characteristics for panels of sandwich construction C-factor of the wail is determined usi,45 Equation (5) (fomr ChdAptee 20 w,
can be computed by combining the thermal resistances of the follows:
various layers. However, few panels arm true sandwich constriac- C,,.- (0.92 x 0.084) * (0.08 x 0.62 91
tions; many have ribs and stiffeners that creat complicated heat - 0.128 Btu/h- Wt QF
flow paths. R-values for the assembled sections should be deter- Xri.., = 7.31 T. ftz' h/but
mined on a representative samp~le by using a hot box method. If If the stft-i tramning is included ustrng the isothermal ptanet ruethec,d tklýi
the sample is a wall setion *rith air cavities on both sides or C-factor- of the wall is determined using lEquaziuns (2) and4 C,3) fx~. Optre-
fibrous Insulaton,, the sample must be of representative height 20 as follows:

, since convective airflow can contribute significantly to heat flow Nrl'.,-04 +lt09/100 ".30.¶J ~04. through the test section. Computer modeling can also be useful. w 5.91 F- ft-~h/Bzti
but all heat transfer mechanisms must be considered. c w .6 t/I t-*

In Example 3, the meta membe is only 0-020 in. thick, but C,, .6 t/ ~
it islin ennracwith adjacent facings over a IX2 in.widearea. The 61OF-artu- hi~t Lfro tiin s13tate an~i fru ve re %will.

me! nvcrnber is 3. 50 in. deep, has a thermal resistance of approx- .t f hBg(rhiinaedsl116?vl.
imrately 0.001OF- ftl-h/Btu, and is virtually isothermal. The
calculation im'lves caeful selection of the appropriate thickness
for the steel raftber. If the member is assumed to be 0.020 in.
thick. the fact that the flang transmits heat to the adjacent fac.
'in& is ignored. If the member is assumed to be 1.25 in. thick, the
hevit flow through the steel is overestimated. In Example 3, the stee
member behaves in much the same way as a rectangukar memLber

Table 3 Entlitalsee Valutic of Various Surfaces sand
Effective Emltacl f isacesa

Effective Emineance.
E of A~rs"

One surface Blok Sur,
Aversge emilttance. l, ace emil-

Surfaes EmiletaMe Ohe eshee 0.9 tace. a

Alustnu visle brght 0.05 0.05 0.03 ~ ~
* Aluminum foil. with condensate.. .

jutviile(0.7pr/ft2 ) 0.0 0.219-
Aluminum foil, with

condensate clearly visible

Aluminum shat 0.12 0.12 -3.06

Aluminum coated psper. 12 .34
polished 0.20 0.20 0.11

Steel. galvaizsed. bright 0.2.5 0.24 .A1. Outside &u"Mce (1E mrth Wirt;)
* Aluminum paint 0.50 0.47 0.35 2. Conc -etc blocli

Building materials: wood. paper. e. Eoipned peilace fins~tiioir
masonry, nonmetallic paints 0.90 0.82 0.82 £lliesnae(tl i

Regular glass 0.84 0.7" 0. 727

*TheM values apply in the 4 to.10 pai range of iiie tlecromnasnetic spectrumfl.
bV&IlC are based oin data presiernd by Basuset and Ttethowen 091141. Fig. 3 insulus't Coancretse bitick %all IExample. 2)
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TaMe 4 Ty'pW Tbetmu Pro!-I- of Common Building *ad Insuladtig Mmae-- a -t- -

(A), (C). ('C r ili). Neva.

0 4 1 1 11 1 t y , I t s -( Al . Y k a1 o r~l ~ -. r f ~ l 1 2 " •

A4*n*-cmert lr* md ..... 110 .- 04-- .

G ,799:n or pke ot.. ............. 0.317. ic. SO ..- 2 O.N

GUvpimn or plu*tr *,• ................... 0.1j7 it. -, -- 0I.0 I..l
GypsumaorPlum d ..... ............ 0..... .in - 1.73 Di
v (DýoUgI j,±.P .-, .)................0.2. In. 3U 32S -.Z
Plymow (Do.oausw R)...................0.17. In. 34 2.1: "

,PIiw@ (Douglas Fir) ................. 0.. G. 3* sk 1.0• .-- .6
?ý,Y1-,Ood •r ut PITs .................... 0,.05 3 -i t,-19 9 0.10-

plywornod AT wood P s..................03S in. 34I 1- Ov -- 0.92 0-.39

vqait.bae --lmbia 9a . ........ 0.3 1.7 in. t- 0,49 2.'•

Souw-3c d*in ....................... 0.3 In. 1S - O.•0,4 t.1 C.
Shnlntui eb '. ........................ .0. J12 in. Is .. .. ,Squa8dtadJn bOU4 ....................... 0.2.5 ýU. 15 0--, 14-15 C.30

T'rJ wid Wi4A -t i.*, p• or
acu ...... ................... s - . -- 0.4S. .. . .. . .. .. . .. . .. .. . . 1 inn, to 0.00 1, I

"(1.75 in. 12 -0.5i 1.39S. . . .. . . .. . . .. . . ..... 13l i. 13 -• 0..0 -- ,I

tvainved v na-tb .......................... 30 0.ý0 - ::v o- 0.33

. a AWd, p .............................. 30 0.0 13 - 00 t

m,,•lium deviry ......................... 0 6.13 - 6.37 -. O4#

vederlay ...................................... 15 U.0 - '= - O
High density. .m, nw ...................... 6C . I.. - 0.32

g dts ..................................... "17 0.71. -0 0,1
Mediuol datjv ............................... N 0,94 - .06 0.2
Highdauday ......... ... . ......... C-3. 1.1 O.N 0.. lIUvA•riaynmng .................. ........ 0.6-j t,A 40 - li 2. ,.n 0Qzp t

Waftrboard ................................... 3; 0.: -- 1.59 ---
Wov4 •bfoo ............... ........... 0.75 in . . - 1.06 A- 4 1

DUUMING MDIBRANF
Vapor-pmnnftble flt .......... ........ ......... .- 16.70 0.06
Vapor--m!. 2 tayers of mo00id

134-b f t ......................................-.... I -- 0.12VaW -- &.:W. ^ d f" '. . ......................... - Ke .
IrMNISIH 17"0U•NG MAI*&M

O"M .ld flhn....................... ....- OAS - c _ __

CarW aW..b.... pad....................... .. . . Q.31 -- .0 Q.3
Taraco ....................... ............ I •m, - i-' - . 0.1.9 11.

11-aspbrox. 3.5 inu viyl r.3.4. ........ -0.607 -, 1.3(3

Vinyl 6-7KO ................... ............ . U 0I,
S.a.ia. .. ..................................... -.. 01 Al

W . bar-'wood fii i ......................... n . -- -- 0.74.4 - .8
INSU: ATING MATERIIALS

8ortwf ancd Skttfw

Mineral Fiber.' fibrous form piocedL•
from rock slag or Sim

ap rox. 3-.4 in .............................. 0..3. .0 -- 0.091 .- I 0
approx. 3.3 in . .............................. 4,0-,2. 0.-- 0.077 --0 03
L rox, p.e-6.5 in ........................... 1...... 0.-.0 - 0.03 -- 19Qý*rox. 6-7.J in .. ............................ 5.3--i.0 - 0.045 - -In
4ý.,m . 9-10 us .............................. 0.321%)O O .0'3 --. 10
ltm'•,ox. 12-13 in .............................. .. '. - 0.026 -- 38

"C lutli" sig ..................................... 1.s OX- -- 2.196 -- 0.1I8
01ms fitu. orpani bart, ed ....................... 4.0-9.0 0.251- *.i.00- 0 '.13
E~xpa'wled perlite, orpn.c b•,%-d .................. 1.0 6.36 -- .78 -- O..'V

r14 ubber (rigid)......................... .4.5 0.A2- 4.551 - 0Ai
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Tatok 4 T"lcaTheremal Pvoptrtas of Coum on Buiding and Insulating Moterlals.-ttesign Valune(Coallfnuedl

Resistance 01R)
Conduc- Conduc- Per inch For t(ick-

Uviilyk tance tIickn, nccs listed 5pe•,ilcW .) (C ). (l/i), 0/ 0), H en;,
N, n &;y. et a -in . B ku C•.f ' F .ft2'k .. h P. ..

F-and. palYtyIWaiy , v-r0uded
nVA00t n sudacx) (CFC-., =p.) .............. 1.3-3.5 0.20

Exp..w d iolysyreftm , .aded buds ............... A.0 0.26 -• J.8, ...
L25.• 0.2 4- .00 -
1.5 0.2.4 4.17
1.75 -.24 4.i7 - -

CdeuRU polyureth•ea eoisocy!numa•
((,•CC1 qxp.)(unf d) .. !.5 016-0.18 - 6.2,!-5.5, 0.38

Cciiamw tclyisocyaurateh
(CFC-11 v",.)(ps-verucable tacel .......... 0.16-0-18 - 6 25-53.6 -0.221

ce1ugar vokyisacmwaatur
(CFC-! e e.)(-Usimprmeable fm) ........... 2.0 0.14 - ,A. 0,.-

C.Iul~r phenolic
(dosed c€d)(CFC- 1. CFC-113 w.i.) ............. 3.0 0.12 - .20 -

Cdlusr, pbaaok
(open =11) ...... I....... ............. ..8-7.2 0.23 - 4.40 -. --

Miftf,3 ,Iber with -e.ju binder ................... 15.0 0,?, - 34S - 0.17
kWliar.- Ifibubmad. maw vtr

C4&. or m-ot isuaon ......................... 16-47 0.34 - 2.9 --

Atoussial dle .................................. 1.0 0.35 - 2.86 - 0. i9
,custicl tWe ................................ 21.0 0.37 - 2.70

MineWAs fiberboard, wat tmoled
Acousdcal Wei .......... . ...................... 2r.0 0.42 - 1.38 - 0.14

Wood or cw ft ~ebmtw
A ' rlb ... ........ 0.5 in. - - 0.80 .- 1.25 0.31

*i ti(la .. ..... .... ............. .1 :. m. - . 1.39
oucir atish (plak. d. ) ....................... 15.0 0.3.- 2.-6 - 0.32

O 'r TýswAbrs (shredded wood
wiuh PvtI-n.'ý cemenn ýiwder ...................... T1-2740 0,50-0.53 2.0-1.39 -

Coment fber cltos (shradded wood
with mania oysuWi.de bindtr) ................ 22,.0 07 iV.- 0.3i

Ccilmicizic imulatitn (AdWe paper or
*OCA ptiOp) .................................... 2.3-3.2 6.=7.4.32 -1 3.70-3.13 - 0.33

Fekjtg. CAmno,1 .............................. .. 0--.1 0.27-0.31 - 3.7- 3.3 - 0.26
4.1-7.4 0.31-0.36 - 3.3-2.3 --
7.4- 1.0 0.30-4.42 -- 2.3-2.4 -

Minerei flv (rock. s~c, or slass' I
appox. .. 73-5 in ............................ .0.-2.0 - - 11.0 0."
approx. 6.1-.35 in•............................ 0.6-2.0 -- - 9.0
a=pox. 7.5-WO i .............................. 0.6-2.0 - - 22.0
a o. 10.25-13.73 in .......................... 0.•-.10 - -- 0.0

Mimcml fiber (rock, Asg, or aim);
"inx.S 3.S in, (chc~d cidtwal applicatiot) .... 2.0-3.5 - --. 12.0ý-14.0

Vasumcllhe, exoiiawtiA ......................... 7.0.4.2 0.47 2 .13 . 0.32
4.0-6,0 0.44 - .57 ---

Brick, common ........... ....................... so 2232- 0.45-0.31 ...

90 2.7-3.7 - 0,37.7 - --
&D00 3.54,3 - 0.30.0•.2 ....

110 3.55.5~5- 0.21410.1s - -
120 4.4-6.4 - 0.23-0.16 - 0.19
130 J.4-9.0 -- 0.19.0.11 --

Clay Wue. hollow
I W deep I .............................. *..- -i 1.2S - 0.30 0.2!
Sm l dm ................................. 4 in. - - 0.90 - 1.11 -.

2 •-s dceT ............................... 6 in. - -- 0.66 - 1.35

. c*ý.U deep .............................. 10 in. - - 0.45 - 2.-2
3 ce1 deep ............................ 12 in - .- 0.40 - 2.50

Concrete Niok.0', Li.'nmone aupqole
Sin.. 36 ib. 03 I/O concrete, 2 cores ........

Same with perlike filled cores -. - 0.4t -. --
32 in.. 55 W. 133 lb/t'O wncr1e, 2 cor ........ -.. .. ......

Same with -rfite filh1 clid -- 0.27 - 3.7 .,
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Talble4 Typkcal Thermal Propertla of Common suildlas and halwating M. terial..-DeNsign Val•+es (Continue.d)
Reatstanct (R)

Coduc. Coanduc- Per Incls For thick.
U."ily" tgf. thickness weis listed Sofclfic(k ) . (C ) . ( 1/ 0), i/ C l 1, *21,DWSmUY, Bird. -In._.•. P"! *F. ftW-h IT. -it", h u"

W WIm o k -f•h~ ta. of b- ft:. IF Btu - I n. B tu-- - ' -

Norm*&lwtigh aggregate(sand and &r~avel)
I8 so., 33.36 lb, I26-136 1b/ft concrete, 2 or 3 cres -- - 0.90-1.03 - 1.11-0.97 012,2

Same with PerlEsfilled corm 0.50 - 2.0 -
Snma with verm. cor - - 0..2-0.73 - 1.92-1.37 -

12 In.. 30 lb, 123 lb/WW co te, 2 cores ....... .. , - 1.-L 0.2
MeUdm wedfht aureate lombidoions Of normal

S in., 26-29 lb. 97.112 ib/?tc ccrte. 21"r 3Uore -- -- 0...0.7 - 1.71-1.28 --

"Same with perUte filled cores m- - 0-17-0.44 - 3.7-2.3 -
3h619Cwith vrm,. filled e- -- 0.30 - 3.3 -
Same with molded BPS (bIeds) filled cores - - 0.32 - 3.2 -
Sue with molded EPS inserts in coret - - 0.37 - 2.' -

Lightweghc asregatc (expanded ssale. cday, state
aior f. pumice)

6 in.. 1i7 aI' 3547 8 b/ft$ wcmec, 2 or 3 cores - -
Seme with perlaUw filled crn ................ .- - 0:4 4.2 -
Sam with vem. fW co ......- - 0.33 -i -4 --

In.. 19-22 lb. 72.16 Mb/ft3 o re .... - - 0.32-0.54 -- 3.2-..0 0.21
same w•A perum tle Cors - - 0.15-0.33 - 6.8.-4, -
Sam with verm. filled corn s ,-- 0. ,9-.0.26 -. SJ-3.9 -
Same with oldedPS (beds) filled cores .. 0.2 - 4.8
Same with UF ram filled wor - - 0.1 - 4.5 -
Sam with Moled M set in cram - - 0.29 - 3.5 -.

12 in... o2-36 b, W- t./ft c 2 or 3 Cors - - 0.33-0.4 - 2.6-2.3 -
Sum awuhtwrlteflid cots - - 0.11-0.16 -- 9.2-6.3 -
Same withl rm. lled cora - -0.? . 5.8 -

SCOW. 11e. or and ..........................- 12.50 - 0.06 - 0.19
Gypsum o tile

3 by y 30 in.,s ol...................... .. - 0.79 - 1.26 0.19
3 by 1 30 in., 4 .................. -- 0.74 - 1.35
4 by 12 by 30 W., 3 is ..................... - - 0.60 - 1.67

Tab Ce__er 
_ _Tae 

3)
iBO011NG

AIlbUs5o-WS.I w ;hinlges. ........................ 120 - 4.76 - 0.21 0.24
Asphalt i m--ofinl ............................... 70 - 6.50 - 0.11 0.36
Asphalt shing0e2. ......................... 70 - 2-,7 - 0..4 0.30
Built-up rooting ......................... 0 in. 70 - 3.00 - 0.33 0.33
S ...................................... 0.5 in. - -- 20.00 - 0.o 0.30
WNoed sbsiapls.o plain eand -plastic Minm faced ...... - 1.06 - ."4 0.31
Spray Applied
Pcgyuresdbne foam ................................ 1.5.2•L 0.16-0.18 - 6.25-5.56
Urfaormaldeftwlde foan ......................... 0.7-6 0.22-0.28 - 4.-,5-3. 57
Celuloasc fiber ................. ............... 3 .0 0.29.0.34 - 3.452.94 --Class fibe ... :....... .. .. ,......._._ .......... ,,.... , 3,3.A.3 0.26-,"17- 3.85-3,70}-

PLAS IUNGMATERIALS
Cement plaier, md murepte ................. 116 5.0 .- 0.20 - 0.20

Sand aggegate ....................... 0.375 in. - 13.3 0.08 0.20
SaW anrpte ............ . -0 66 - 0.15 0.20

Ligtweight &aUMate .................. 0.5 in, 41 - 3.12 0- .32
Lihwaghst aj-P e ............... 0..24 in. 45 - 2.67 0.39
Lightweight an. ou mctai l a .......... 0.75 in. --. 2.13 0.47
Perlitt aggrep ......................... 45 1- - - 0.-
S And ue ................................ 105 5.6 - 0.18 020
Sand AW-,efat ............................ 0.5 in. 105 - 11.10 - 0.09"SWad ag•p•e ...................... 62.W il. 15 -- 9.10 - 0.11
Send aellqate on mea W11 .l............ o75 in. - - 7.70 0.13
Vmi.• e . ..r....................... 45 1.7 - 0.U9 -

IMASONRY MATERIAL"

Cement mortar ............................ 105-135 5.0-10.5 - 0.20.0.10 - -
Gysum-fiber onc+r.,e V7.5% gMsum,

12.3% wcod chips ............................... 1 1.66 - 0,60 - 0.21
_ghtvWeilht ,reipges inc•udin ex.- !20 .S111.O - 0. 1-".09 -- -.

peWde share. cl.y or slee: eoanded 100 3.7-5.9 - 0.27-0.17 - 0,20
slag; pidc gMn"4•e1; verrhiculito: 80 s-5.3.5 - 0.40.0.29 .- 0.20
*l.o imiluiar womnees 60 1.64.8 - 0.63-0.56 - -

40 0.92.1.11 - 1.03.0.90 - -
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__Table 4 Typical Thermal Prioperdesof Comroc Building and Insulating Materlals---Design Valuaes" (Concluded)

Riesistance 9(R)
Conduc- Coaduc- Per Inchs For ti~ck.

tilyl anc* thickness neslisted Spencic

'Deserlptoa lb/ft3  h11'V- or hft2 F Bu -in. Fl b

30 0.75-0.91 1.33-1.10 -0.20

2A 0.63-0.83 - 1.59- 110 --

Perlite. expanded ...... 4........ . 50 1.4-1.8 - 0,71-0.56 - -

'40 0.93 - 1.08 -0.10

30 0.71 - 1.41 - -

20 0.a - 2.00 -0.32

Sand and gravel or stone aggrellce 1LUL1.
(oven dried) ............. ........... 0 0.13-0.06 0.

Sand and gravel or snoricagegato~
(not dried) ................... 140 10.0-20.0 -. 0.10.0.05 -0.19-0.24

Stucco. ... .. 1... ... 0.. ... ... ... ... ... 11

SIDING mxrMWALS (on &Ilatsrface)
Swiutles

Asbeztos-c~ergen . .............. 120 - 4.75 -0.21

Wooid, 16 in_, 7J eapostite ............ -. - 1.10 0.87 0.31
Wowl, double. 16-in., 12-sn. exposur ure....... - 0.84 -- 1.19 0.28

Ajbestois.mcf. 0.25 in.. lapped ......... - 4.76 0.21 0.24
Asphadt roll siding.................... .......... - - 6.50 - 0.15 0.35
Hissdboid Inuatding. 0.dig305 in. e. ..... 0.69 -. 1.46 0.35
Asphaltd Wius~ng r.g 0 0.37 in...bed.).............. ..- - "M 9L-. 0. 67 0.25
Wood. drop. A by 6 im............................. - - 1.27 0,79 0.28
Wood. bevel, 0.5 by 8 Wn.. lapped........ - 1.23- 0.81 0.23
Wood. bevel, 0.75 by 10 in.. lapped........ . - 0.95 .- 1.05 0.28
Wood. plyrood, 0.375 in.. lapped ......... -5 -. .59 0.29
Alurinum or. Sted' ovar sheathing

Kollow-blicked....... ........................ - -. 1.61- 0.61 O.Z.9
lasulating-board backed nominal.0.375..n................................... - 0.5 182 03
Insulating-board 13sicked tominal

0.3"S in., foil blcked............. 0.34 2.96

Arr-hitecturnI Slans .............- _10.00 -0.10 0.20

Hardwoods 0.39'"
Oak ... _ ............................ 41.2-46.8 1.12-1.25 - 0.8".80O
Birch................................. I......... 42.6-45.4 I.2-3.72 - 0.37-0.82-
Maple ........... ........................... 39.3-4410 1.09-1.19 - 0.92.0.14
iash...................................... 38.4-41.9 &.N6-1.14 - 0.94-0.38

Saft woodr 0.3911
Southerns Pine ................................ 35.6-41.2 1.00-1.12 - 1.00-0.89
Douglas Fir-Larch ........ .................... 33.5-36.3 0.91-1.01 - 1.06-0.99-
Southsern Cypress ........... .................. 31.442.1 0.9"-.92 -111.9 -.
Hein-Fir, Spruce-Pine-Fir ....................... 24.5-31.4 0.74-0.900 - 1.35-1.11
West Coast Woods. Cedrs ..................... 21.7-31.4 0.68-0.9n - 1.443-1.11-
California Redwood............. .............. U.5-21.0 0.7440.82 - .- l2-

VlVakses are for a -msar tmparpetratw of 73OF. Reptieasimiive values for d17 age of expanded poty hasiietpoiylsoluuratge. see Chaplte 20. "Factori, tistt
roauerikame- imeanded ra dalil itiot specifiation) values for materials in ner- Affwc Thermall Performance..'
"sl oft. Tlwri"a vrhAm of !assuLadag mamnials w~ay diffia from desigi Values 4t .ahae am for suled products with geqmas-r mbnntle facers on the two major
dirpeniding on their la-sigi; pmpopeies; (e~g.. density sosd mocistura cemsent. orlan- surfaces. AA aluminum foil faer of 0.001 in. thickness ekr greater is generally
iaticri etc.) and wauiabiliry "speind during rouamitacwe. F'or proo"ersm of considered impennal to game. For chalap in conductivity %bith soagofmupanded
aS W'riculaf proguct. UK the vilm" MPPlAd by Whe mr-siuraauver or liy unbiased polyisnewunmersise. Chauter 20. "Facturs that Affeci Thermall Performance."~
10111s. and SF3 S~uileuin UIO8.

bTo obtain 6iermal cosduc vivumu in Stu/b - ft - T divide tda k-factor by iAnsuaging vaksm of acoustical diiz vary. &'~itsdlng on eicisaiy of the board
12 tz./fl. sad on type, sin,. and depth of perforations.

C~~~~~~jg~~~~~~~~~~~ values aee full rgircl fCbfr es~l~ofCt w ~ roused block may be a~toximated usszrs valla~es for can.
deimalplance aas. wet6esilcss fCttitee-in f t w with a sivitlar wunt wetight.

deiml 9.7 1Values for mWtals&An applied over noa surface; vary wi~d~y, depetiding ov
fteks (17).amount of vradtiation of airspace beneath the "sidng whether airstace ,i refitxc

OU.S. Dzpaniuert4 a! Agriculture 0774). :1w of nonreflective: and on thickness, type. and application of Winztaiing I.cuking-
Danote incluide prper backing and fuacin, if aisy. Where inei*5atirA forms board used. Values. given ame averame for use its desitm guides, and were aobew-

a boundary (reflective or osherwisel of an iinact. ses Tables 2 and 3 for the ed from several guarded hot box tests (ASTM C.236) or calltormcd hot box (A-TT?4
Inssli~tag value of an airac with the appropriate effiretivu e'nsttarize and C976) on hollow-backad types and types imade Yving backing-bourls. of wood
irenpeaturt conditions of the spac. fiber. roanted plastic, and glass fiber. repanures of i 50% or more from the. Careductuvity varies with fiber diameter. (See Chalker M0. "Flictors that At. values givent may~ occur.
fait Thermal Performancer.") Bait., blankct. zad lcoase-4l minteral fiber inauLe- INSee Adains (1971). MacLean (1941), ar4 Wilkes (199Th. r conducitvity
ume are manufactured to achieve specified R-valuea. the .noe common of which values ILused are for heart tmnsfer across thte ainn. The ~it.ml conductivity of
are listed in ithe table. Due in differeunces in manufamuinng pixoceses and mswertals. wood varies linearly with the density and thc density ranges listed are those nor-
the product thicknesses, densities. and therissui ro~tuctivities vary over con- mally found for the wood specic3 given. If the diensity *finte wood sp~eie is not
suierble ranges for a specified R1-valae. xilnown. tose the smea conductivity value. For extrapoleaion tc other moisatire

I'or addlitinal informatior, Ate Society of Phusacs Engineers (SPl) Buliffif contents. M~e following cmpirical equataion devclioprd by WilkUs (1979) may be
U 1013. ValuL- 3re tor aged. uniaced thoard .%~o.* . ror change in ccsstlucuivity with usc%ý:



22.10 1989 Fundamentals Hn1ndbook

kw OI,,S 4 xI 0 -13 xto'M , O'"A -e OMNI)
I + O.OQiM 0 4. OMNIM)

OblIl p is dgtejY bas-A an vam-dry mass q 1bIWO "A~ 4W is the ina~wasm ca whate W,# =caunuz for ;he Mat of sWrptuon and 6~ denotedi ý,
cin In Oparus.ax .91x1 6xlo m

*Fit A~s (1971)6m=tamOuuienfobusj(Or O "fkbmbof aiawois ( Io-368x1O .

U 7! F isto foaws:whilri .1 is the moistun caotitfi in Ptri' Ge tty nIu's.

I.0 0-- in.~

25 in. M AMA

Fig. 4 Insulated S"ee Fi,. ThVl (Example 3)
4:041CA5 0 0.2

The Zone Method of Calculation OPIS \\\\M,\00 ag

Fo~r structures with widely 3paced metal membets of substaru- TION
rie! ctvss-sozkin&j area. .-icuiation by the isothenrWa Ine AIR 0. ha~

wzW (n res*l in thernal resicmtace values that sic too low. For-rW A 0 " PaT or Alit rILM

thes consrructions, the Zone Method can bq used. This method
involves two vnp-rate %iwnpwatons-ono for a chosen limited
portion. Zone A, conwanig the highly conductive element; the Slij. 5 Gypsum Roof Deck one Bulb Tees (Examp~le 4)
other for the reawifting portion of simpler construction. Zone &
The two computations we then co-mbuced using the parallel no Z~o A is determined frunt Eq"uation I as follows:
method, aid the average transmittance per unit over#!! ati-a is
calculated. Ite basic laws of heat tmesfer ane applied by addiou Top side W - mt +. 2d is 0.625 +- (2 x !J.I 3.6Z5 in.
the ame conductances C4. of elements in parallel, and L~in Cot.wm side W - w~ 2d. - 2-) U*. x 0.5) m 3.0 ini.

arearesr,4us, M, f elmens inseres.Usinag the larger Value. of W, chic area of Zone A4 is (12 x 3.625)/144u
amrsisarie~,A/A o ekent eneris.O.S&rZ ft2. Theueamof zon. 8 is -,0 - 0,302 - i.098 ft.:

The surface stia of Zone A is determined by the meta! ele- 't detmine ares t anyita= te r Zome.4. divide Lie scructnt withinj
mnent. Pr a meWa beatm q, ee F4=ur A) the Zone A surface.is asd X~P f xmeiu iesdn parallel to the vop and bottom surfar- (Fikoire
of width Wtbs i encred on the beam. For arod perpen-dicular 5). Thw-a corduranazce. CA. ofc hsev'mion isc2Icu~aed by adding:!t"
to panela~f-s irc. it s a circlec of diameter W Itho value of W is at= cxindut~anme of its ems! antd nonmttale Vaths. Am'e conducuazices
cakculsed Gurn Equation (1). which is empirical. The value of d of me. sectiot arc converted to tre rcsisLvZIco,. R/A. andl addo.)to ob-
shovkId V)Ot be! ms thm 0.4 in. for still air. tain ti' toadI resisisinc of Zonee ..

W - M + 2 (1) _n
Section A-rs x Caaucsae -C-4 C

Me -Widtih ar dlazaetroi the m ew l hetPtti er~minal. in. Air (outside. U5 0.302 x( 6.00 1.81 0.15
d -dim=stan rme panti iiutface to mectal, in. mph)

Ge~lyth alc f holdbecAlulte uit ciiain 1) No . Roofing 0.302 x 3.C4 0."06 1.10
Genraly, alu ofWsoul bouk.tedusng t~raten () 2. Gypum 0.302 x .~iJ5 .'6 _

for each end of the metal heat paicti the larger vshie, within the Conecl1te
limitsof the basic-area. should beued as iiustraze4 iraExample '. No. 3. Steel 0.052 x. 314.4,'0.621 262 .z

ww~pil 4. CaI'iulae transmittancc of thec roof deck shown in jFs5 re No. 3. Gypsum 0.250 x 1.66/0.61- 0.64
3.Twba. at 24 in. OC support glass fiber ibrim board" gypsurm Cofiriet. ConCtCue

and built-up roofna. Conductivities ef components Are. steieI. 314.4 No. 4. Steel 0.0!0 %, 314..41I.Wi 3.14 01
Rtu- irh,/'112 -11F. gypum concrete. 1.66 stu- in./h- ft!- IF.. and .1glas Nao.4. GCas
fiber tone hmad. OM.2 Ul-tuow/h- rt2'ý,F. Condauctancc of bmilit-up roof- fiberboard 0.292 x~ O.2/1.0 0.073
ing is I'm0 aglt t-F No. 1 steel 0.167 X 314.4/31.1125 41.0.0 0.002

U~C,3-Ait2W '4 nb 1 i. wt ateehe (2ic. Air s;Pidsi 0.302 x 1.631 0.492 2.03

Ionrn cos the mire nd Total ~ ______m R/A - 6.27
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'AM aUi=hn.tee of Zone A m 1,(RIA) in M/6.27 o 0.159. steei nmanber is small, as for a tie rod, detailed calculations for 3-c.
ftr ZomCtb Wmit k ,mim amr add aM4 tzhe ,covetud to am tions 3,4, and S a.me necessary. A panel with an interral meallic

as slw• m lit the following tuhle. structure and bonded on one or both sides to metal skin or cover-

ins, presenu special problems of lateral ht-at flow not covered in

Air (OUkle, 15 mph) I /6.00 - - the zone method.

RoOfts 1/3.00 a 0.33
lapsu m aeard 1.70/1.66 1.05

Gyla= MnCrboaW I.7o/o.6 4.05 Ceilings and Roofs
.Ai (lide)__ .. /63 T 0.61 The overall R-value for ceilings of wood frame flat roofs can be
Thal tetance - 6.15 calculated using Equations (1) through (5) from Chaptrv 20. Pro.

Smcui suasaumnance - fIR a 0.16Z theoal areauunmitmance, periesofthe materials are foun.din Tabits 1. 3, and4.The fra-.
UAZ, s ce.68la0ed as 0o.2s3 ticn of framing is assumed to be 0.10 for joists at 16 in. OC and

Zone rA 1.698 x 0-1(2 - 0.175 0.07 for joists at 24 in. OC. The calculation procedure is similar
, ZoneA -,, 0.IS9 to that stown in E.rarnple L Note that if the ceiling contains plane

Toa am UansmitUance of basic afea - 0.434 airspaces (sec Table 2), the resistance depends on the drection of
Tm1h tittance per M - 0.434/2.0 - 0.217 heat flow, Le., whether the calculation is for a winrvr (heat flow

Resdstance per f0 - 4.61 up) or su.'mer (heat flow down) condition.
Tor e-lings of pi:ched roofs under winter conditions, calculate

Oveal RAnlua of 4.37 and 4.85 IF- e" h/b/u Iave bsen meaurr,- in the R-walue of the ceiling using the procedure for flat roof's. The
two pairded hot boa tests of a tmil- constumcon. heat loss from these ceilings can be obtained using a calculawt' at-

Wben thi steel member, presenm a relatively large proportion tic terpetature (see Chapter 25). Tabie 5 can be used to dev dine

of the tal heat flow path, as in Example 4, detailed calculation: the effective mistance of the attic space umder surmmer cont. .n=
of nisismace in sections 3, 4, and of Zone A are u.necessav. -f for varying conditions of ventilstion air temperatur, airflow
only the stel member is considered, the tMnal result of Example direction and rair, ceiling resicAnce, roof or sal-air tempeMEUatiMs,
4 is the same. Howevm , if the heat flow path represented by the and surface emittnces (jey 1958).

TabkW S Effective Tlhermal RUeistawne of Ventilated Attic.• (Summer Coadifion)
PART A. NONREFLECTIVE SURFACMS

No Ventiladoub Natural Veeslation Power Vesttatlom

__..__Vessuion Rate. dm/flt_

3.0 ..5 17 1.5
Vmtl~kmSol-Airl Coiling Reskiance. I"_. 'F' - 'tz" - !at

Air Temp.. OlF Temp.. V• 10 20 10 20 W• 20 10 20 10 2

120 1.9 1.9 2.8 3.4 6.3 9.3 9.6 16 11 I20 -
so 140 1.9 1.9 2.8 3.5 A.M 10 9.8 17 12 2

!60 1.9 1.9 2.8 3.6 6.7 11 10 Is 13 13

120 1.9 1.9 2.5 2.8 4.6 6.7 6.1 10. 6.9 13
90 140 1.9 1.9 7.6 3.1 5.2 7.9 '.6 12 3.6 15

160 1.9 .1.9 2.7 3.4 53 9.0 8.5 14 !o 17

120 1.9 1.9 7-2 2.3 3.3 4.4 4.0 C.0 4.1 J.9
100 140 1.9 1.9 2.,s 2.7 4.2 6.! .1.3 8.7 6.5 10

160 1.9 1.9 2.6 3.2 ,.0 7.t 7.2 11 8.3 13

,_____PART L REFLEMI'/.E SURFACESS
120 6.5 6.5 7,1 8.i 13 .17 17 I5 19 30

so 140 6.5 6.5 ?3.2 9.(l 14 18 14 26 201 31
160 6.5 6.5 UJ 9.2 15 is 19 27 21 32

120 6.S 6.5 -7.5 8.0 10 U3 12 17 13 19
90 140 6.5 6.5 7.7 8.3 12 15 34 20 16 2.2

160 4.5 6.5 7.9 8.6 13 16 16 22 18 7"

120 6.5 6.5 7.0 7.4 0.0 to 8°5 12 8.8 12100 140 6.5 6.5 7.3 7.8 to 12 i I Is 12 16

160 6.5 6.5 '7.6 8.2 11 14 1.3 18 I5 20

J',%bohh the tunm eff w fe2 sistance i1 ramohly •Ud wha there is attic dVhgn attic ventilation necto the requirements stated ii Chapter 13. 0.1
veinilaion. this ablie in•ludits vaisn for tuamoeu with no veWlauion. The ef- cf€ui/rt2 is .sumed as the nana'rai sumner ventilation rate fato desn parposii.

ofelvo nastaznce of the atic, added so tw tesistaas (it(/ of the ceiling ywiekd 'When determining cetiurvj resstance. do ni add the effect of a rfflaective sur.
the effective rmistanc of ttds combi•nion based an sci-air (see Chapter 26) wsd face facing the attic. at it is accounted for in Table S. Part R.
Stmn meMpuO m. Thee valun sipply to wood frame construction with • roc I Roof surlace tema rature rather thard soiuair tcmperalure ti.e. Chapier 26) can
deck and tooling that has a cductan of j.O Btu/h-ft-.*F. be used if 0.25 is subtracted from the attic resists.'ec shown.

bThiS condltwo cannot be achieved in the ficld un tree mrt-i a sSurfaces with effective emttantce E of 0.05 between ceiieli joists facing the
take, to tightly seal the auic. attic space.

cgased oa air disclhrging outward from attic.
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Table 67%w Twmiaslon Coefficlents (Zr) for Wood end Steel Doors. Ria/h.W .7I

DwNo Wood Metal
Tblekswiu Storm Storm Storm

___________________DoerptlteDoor Dooe Door'

14/8 PanSdoo *fWith 7/16-in. panels' 0.5 0.33 0.37!
1-34 Hollow coum (lust, door 0.47 0.30 0.32
0./4 Solld core Rluth door 0.39 0.26 o) s

1-.,Panel door -with 7/16-in. panecsc 0.:7 0-33 0.36
1-3/14 Hollow care flush door 0.46 01.29 0.32
611/4 MWn door with 1-/8-in. paneise 0.39 (3.26 0.23

1414Solid core flush door 03.33 0.:8 G..5
2-1/4 Solid core flush door 0.27 0.00.21

Wled DeanJ
1-S/4 Fibarglass or uitineral wool core with

stee sdffuanrs, no thermal breakt 0.60
1-2/4 Pfpe honeycomtb core without thermal break t  0.56 -

.1-3/4 Solid mnahanc, (emn cre without thermal break" 0.40 --

1-3/4 Solid fire rated minealW '1bcrboard cot. without
thermal break! 0.38-

1-3/4 Polytyrene core without: thermal break (18 gast
coxisemeecl I xt)' 0.35

1-3/4 Poluysrn~e core wiatou ahermal brealk (13 47a,%!
coMnwrdal WNeD' 0.3S

1-3/4 Polyurahmnr. corn widnauf thermal break (IS gmge
14/4IM &'sIncis stud 0.29 --

1-3/4 Pobwaezhane cmt wihi theralsi break and wood
pscwn 2 gage 1 ggjdcemn sttrol 0IN -

1-3/14 Sod rethane foam core with thermal arast  0.19 0.1i6 0.17
N=c All Li-ftuar fer strict door, in this tWabemu for door wit segaz. bOutside oir cordldoos: Ji mph wind spmgd. 0r air :mnperamurc. inside air

leg. cMM'w for %be sum dosij Which are an oddtion to *hc seMi Owino "Dor. caoedhocs: U"Natr coreaton, 706F Wa. teIMnure.
Any Ietina emu iteordrs anxs ws Ami iact'jed with vee appropelast 1iss CWahas for wood storm door are for approxmameely 402% giuss area.

a7W tw toalycoi (s Cbappr 27). lsgeriolasicu and meiso.tsAc entapa'ator. 4Value& for s-al norm door are for any prnwt igus awea.
smu vwAned 'or door thckres other then taom INofba. 035%, paeI aMn

*vaheuan laced =s a amnodad 32 by W0 ks. door Amat ith n~o gkla~v&. fAS17AiCMV6 hu~to date on a normnci 3 by 7 ft door sin wicth no gt~aing.

The ft-ninue is the total resistance obtained bry adding t:. ceil- also aflot bt conisidered when determining the windrow U-Cactonr Rcfer-
hug and effective attic meismnan. m.h applcable temperatur dit- riot to Thble 13 in Chapter .27. for a wood frame windlow of Product Z'7
fervuce is that difference between room sir and salesir It (set Figure 7 in Chapter 27). the U-i-Ectar is also given as G.49
temperawres or between roomu air and roof temperatures (see- Dit/h~ft"E*
Ilkbte 5. footnote if). Nble 5 can be used (o,,r pitched and flat All R"1-vulues are approximate, since a signiflrcamu portion of the
meideutiui roofs over aittc spaces Wh"t an attic has a floor, the reistance of a window or door is contained in the air film
ceiing inuisance should account for the complete ttiling-floor rdsistances, and 501110 onBICrtes that may have impoiL'It effects

i~ndorsurace on dutac was nake as1con/hf t 7fr is5 slope)triend aiori sucpe he lis ftedU fahown insuParthA e
verica sufacs wsh oriontL hatflo. Al vlue gien re or bk 3,ace temperatuesof slropnird (4)andi aori n equal torthe n-
mano dara ithot gazig. f anmeror oorcontinsgis- nions. Sintempdataure. Howeezr4 tey indor surfacel hofriwriandow

Windthe a~nd shoulo eaayemsawno.a lutae a 4-ere-ipdgaig h retto htms lsl p
Ezwnplr doo po inat n h actuplcaionstoalltion mhoa l be umsed.t eab

Exramples., Deerineos thes U-factr of a wood frame r ooid anda wal"in-hhihro oe e-aeirr ha h n=ar
skylcohtainin doevaubesulatingc-m withd us-in, airspceu fortwinter Air Covmncetacosteid r u mofawn woror.uh

in ueo Fo Chapte r 27. bbw 13.te -factsi be6afor ofthcetei r wofda a theati ecnaused byC ASb heatin anda 90o1980g outnetgrgys Cin-

dls ourto sufconlytac is 0A6wh--.0 BTuhe woodl'rz waf thed windowh er'.acti onverion Ntwbildin Dsesin'r1 reuianns 8)arues o star edi
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'AnUM Of V4 Where U, bi the coralbinetl thetmal transmitranzae of A,,,- 1(40 x 34) 4- 1.6 30)1/144 - 21.7 ftý

E 4 floor as1: mblies. The U. equiuion for a w.4l is as follows: (- xi 8) - %'21.7+ 18.9) - 1"9.4 (tl.
U4 - (UVweAmii +. Af* UvwA~p~)1A. f2) Theretore the combined thtrmnl trinvmittanct for the ma1il is:

where (In '2j .4. 10.49xi!.71-0I ýXjL.9

U 6. - V=Ve ther"al zi us'nitzn' of the gross wall area 0 .13 Btu/%-. ftF ( -IF
Ai - Sws w~ea of cuwrir wallk
A w b, - itqe wall eflensfhe~u am" Slab-on..Gande and Below-Grvide Construction

U.%& - pA qe wnl arean na n.oth ico vzIcid gfr leIAw*, windewatamrncluainc frame)ldwva~nkdn Hrieat transfer through basemnent walls an~d floors to the ground
~thra wid t'reans(itncluig ofrteaor e dtpeends on the following factors: (1) the differen.;e betwcen the

Istc f h door ama .ir temperature withinr the roorr and that of thae Around and out-

side air, (2) the materi,-J of the walls or floor-, and (3) the thermal
conductivity of the surrounding carth. The lattet varits wj~h loc,'

Whiem mome t!hau one type ofw#fl %vindow, ot doov is us5ed, thet conditions and Is usually unknown. Bý=use of the great the.-mal
11A term for that exposute should be ucxpai.ded int its sub- inertia of the rut-runding soil, gound temperature varies with
clem ents, as shown in Equation (3). depth, and there is a substantial timre lag between changes irn out-
U.A. - UwAw 4+ U4.2A.iez + . + Uj.~AwvM door air temperatures and correspondiag changses in gc'ound

+ + tem'peratures. A., a result, ground--coupled heat transfer is less
U.. 4. , A .. U~ A ~amfnable to steady-suie represenmaion thsn above-gzadr building

+ Uw-AftA mi + U~wA4w elements. Flowew~x teveral simpkified procedurcs far estimating
+ U. ui 2 Aj.& .2 +. -+ Uiw.Arw.. (3) Sround-couplod heat r wssfer hiaw bee developed. These fill into

two principal categories: (1) those that reduce the gi'ound heat
RUMa1114e 6 CnlCuiaze U, fOr A wall 30 ft by 8 kt 0-MtrUCIE~d as in EX- tw.nsfer problem to a closed- form solutiou. and (2) those thai use

2MPle I. 11e *-&il coaUmrs om -windo 60 izýty.~ 34 ip. anti a aecond win- smin'je regresiior equa-zions developed from statistically teduced
dow 36 i. bY 30 in. 9oth windo'is xv co~ussnted a2 in Example 5. The rnultidimensional ¶rfnsieifl aralyscs.
Wal also contains a 1.75-in. solid con, flush doAw with a muewa sormn door C',osed-fortr solutions, including the ASHRAQ arc-length pro.

'34 iU. by8O0in. (V, a 0.25 Bt/.f-Tf-~ ~l ) cedure discussed in Chaptdr 25 by Latta and Boileau (1969),
&~dutonTbe U-fateo for the wall and windtoa were obtainen in Ex. generally reduc'e the problem to one-dimensional. 3tcadv-state

amP1es l andS 5. tspewdmiy. The arws of the different copon enisare heat transfer. These procedures use simple. "effective" U-acton,

Tabit 7 T119cal Water Vapor Penuetance and Permeability Values for Common Buailding Muterials'

Thikkness. PerMeavice. Resistuancell. Permeability, Resistrnnc-'/in."'.

maewIN. Pern Rep Pemi.0e/i.3

Ccac,-we block (cored, limestone aggrega:,) a 2.4f 0.,4
Tik- muwasry. I'aunt C 0. 12f -3.
Asbes-tos ceme~n board 0.12 4.$d0.0.

With oil-base flonishes 0.3-0.516 2.3
M?81uer on metal lath 0.75 1st 0.067
Mliter an 1wood Lth lie 0.091
Plaiter on plain typsum lath (with stud.a) 20( 0.050
Gypsum wall boards (Pwan) 0.3,73 !lo 0.020
Gypium snatiaing (esspisslz t ' 0.5 2O0 0.0561
Stru~tural insulating board (siex.thint qi.aW.) 20.50' 11-350-0.020
Strwtvivl insnlaiit,~ boyd (luietant-ui~coattd) 0.5 50-993f 0.020-0.011
Hvoibca,-d (sta-adartt) 0.125 11( 0.091
flardboewd (temered.-t) 0.125 5( 0.2
Dwilt-op roaring (hett riopped) 0.0
wood" $UPC Tinae 0454
Plywoodi (douglas fir, mtTteior glue) 0.25 0.7'f.
Plywood (dou.glss fir, tuseror &!uce) 0.25 1.9f'
AcrYlic, gSsm fiber rerinfoced Meetm 0.056 0.1211 9.3
Pokyester, glass fiber aminforced Sh~tet 0.00. 0.05d 20 _________

ThermalIssadn
Air (still) 0.0083
Cellular glass 0, o'W as
Corkboard I I -2 60 0.4"S..38

9.S- 01, Minerl wool (impromwztd) 1169 O.ooa6
Expanded polywi'h~an-t (R-1 i blown; board stocic 0.4-1.6, "5-.
Expanded polymyrrn--c--tuded 1.2d 0.13
Expanded polystyret-w--s.'a 2.0-5.8d 0.50-011l
Phenolic foam (coverint. tr-ov~ii 260,1
Unicellular synthetic Sikible rjýt- Ioarn 0.02-0.153d
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"Table7 Typkal Wale Viev.t Pewnmace and Permembilty Vialves for Common But~ding Maiertals2 (Concluded)

Wdghw' !erm -- -Rep -

_______1Iag~llb/100 ftA Dry-Cup Wet-Cup Other Dry-Cup Wet-Cup Othe'r

Alumum ou 00010.0d

Polysthytmev .0 .1-"6330
Poimshyww000 .641.530
Pokmyvk'cliis mladzt 0.002 .6 730
Polyestero .0900d 30

Polymser 001071 .
Polyeater 003 .3 .

Ceiluloseaat. =e 0.014. 0
'Ci1'tose uactae01532_________

Sftldbt Pam A0, t4 rofti paperts
Dtupkx Aitsn, Ahehal law-faed. lidmfl

Sawatmed Mwd Cozad wll rotiflas 65 US0 0.24 20 4.2
Kr-aft powe and amL'ak tamimWed raiforced

30-120-30 6,8 0-1 1.8 3.3 US5
Blanket tbarrr sulation track-uap papa.

asphalt ~it ~6.2 0.4 0.6-.4 .2.5 1.7-0.24
Aspballzwiturazted and cogead vavor meurder PalM 5.6 0.;2-0.3 0.6 5.0.3.3 1.7

A hl-trtdb nw. corted shradiing vaixe 4.4 3.3 20.2 0.3 0.05
15.1tv sahalt sit 14 1.0 1.6 Lo0 0.11

5b w- rdot 14 4.0 18.2 0.25 0.055
-1aI.raft. dwsbk 3.2 :ii 42 0.032 0.024 _____

cwaifnstcwIl latex PWait (dy ftint adhicknes
kvapo zetawie pair' 0.0031 OX4 2M2
Psclumr-lr 0.0012 6.28' 0.16
V*1y eawate/avcrylic prmsa 0.002 7.42 0.13
Vhiwwa k Pcr irk nr 0.0016 8.62 0.12

VdI-lo vi" 'T, eu&%U4 0.004 1. 0.15
Easertior acrvfic ind ýrdm 0.0017 5.47~ 0.18

PAlut-2caltur %ih ,wo 0.3-0.s . 3.3-2.0 252006

Primes and seakt: an in-eior insulation board 0.9-2. 1 1.1-0.48
Variout primrntr plus I -, fWI M pait ja~u n platter 1.6-3.0 0.63-0.33
Flat paint or itto L.vo or 4 0.25
Water emulsion on iwo nuai bf wgh vt 30-85 0.03-0.0112

Paint-3 cOwn%
Raserlu palnt. white lead aid cii an wood "sid 0.3.1.0 3.3-1.0
Exterior paint. white luAd-d= maide avd oil on wood 0.9 i.1

kvewutde b'-" - Cuticoting 2 11 0.09
Plvnla mlatexr ontixvg A 3,3 0.18
Chwgrnsdpolyethy~em arssict 3.3 1.7 05

7.0 0.06 16
Asphalt cug-buck mastic. 1/161m., dry 0.14 7.'.

3/16 in.. dry 0.0
Hot malt taphat 2 0.5

315 0110 ______

ý'ThL4 riahi upermis ampariom of ¶ratetials; but in ska MiMMOAu Of VeOW 4DOP014tIig O Cofl rcnrn n ao nd dimmtuiin of vepor now.
tet&afx mmswm%,% 1 .htem for uvainnar or perneability should b's *'sud tnIUMiOY UNAitSm As uwMoa retardnhars.tZhculik So~finwims used al everifi' fl-nasi

(MM tM WMAMU ' Of b IM W AMWSS. nN vinjue thicw ilkliCS9ie 'na AMd vlsohere Mear voWd s~e. whn isPA&I CconsiciRrattu ame 'hen roquired for
osm wwmog ,sxtn vali. f~or awaititi kho arv simija but of d~faeti dmsaty. v6,np Wde bjanier efFcOuvnes.

acieisumeo. Ws. at mousce. Thu vskme souki otM be used ast imign or specifis. ~a~ry.cup Method.
tino dat. tVak~gs hwt drv-cijp and waw vuP mettboiti ue usuaI1r obwrqvd fan twet-c~uo Method.
invrtupiiaes using A.STM E94t &VI C355:..,u vxus tatu 'tnera ethers wer ot. rollive than dty- Or wuctop method..

w" k mrwo4ntemre. special cill. *4aCT velwoaty methods. Pumesncw. 1.orw penneinct.' ,Jws sued as vapw retarders. Highptr cs~rw uted
feswAiti. vimbiftKr&. acd auL~aswe oer- ui~t thickmus vWaus vie :Iver. iii the 0AlSewhere in cc~auctiwton.
(0ltommcwwitstias* hikeulawe .d reasimancetin. values have tven c-Akviated as the rccmnucral

Avvgrsamme 'ensf ST/ -'ht2 -in, He of the pffnwamv hadr "Memtc1hohy vaml~c.
Rep, in. HIg-ft' *hi/p `Cms a~ 10 rMis 'sei ni thickowss

Rrmnae~~~~yhu~~~r' -~ntv tpu.. tin. H 45Cl/,'.in.)

_____ __________________________________________



Thermal and Water Vapor Transmissio~n Data2.5

ofrgpound wispcratuxme or both. Metbxt& differ in the various range of climnates and cortstnuctions speci"ficallY' eumined, Ex-
parameter averaged or inaaiprtlated to obutai these effective traolatinS beyond the outer bounds o~the regrssion surfame canO values. Closed-form solutions provide acceptable results in produce signi f Ic~nti err'rhs.

Climates tha& have a single dominant season, because the domi-
ttant season persists long enougah to permit a meaonable approx. Wuter Vapor Trarnsmission Data for Building Components
insaton cfueady6-ste conditions at shallow depths. The largo, er- The7Svitpclwtrvprpreneadpcma~t
irors (pesccrnage) that are likely during trawitionii eaons should Talues fo common t bpicldn w ater ias.o Threse vanluea be usedb~tnot seriously affect building design decisivis, since tse'se heat to aluesa f atr vapr fowthrug building teis.Tseals cmpnbent uedflows ame relatviely insignificant when compared with those of the tcasseulies wterg Equatifons thrug build3)ing Coaponer an1iPricipal sawebien.ia~iur~s p)ad 3 nChpe 1

The ASHRAE arc-length procedure is a reliable method for
wall heat losses in cold wvinter climtrjes. Chapter Z29 discusses a MXECHANICAL AND INDUSTRIAL SYSTEMS
slab-on-sruide floor model developed by one study. Although 1both
Procedures give resuhs comparable to L'aiieiCI computer soku- ThermAl Transmission Data
ions, for cold climates, rheir results for lvaruLr ULS. climates. differ Table 8 lists the uiermal conductivities of various materials usedsubstantialy, as industrial insulatiorns. These values are functions of theResearch conducted by liougten if al. (1942) and Dil et at. (1945) artmicenofheeprtusofhenerndOe u.indicate- a heat flow of appioximnately 2.0 lltu/h. ft: throvish ar &ritmet foreainsuatofnh.eprtrso heinradotrsr

uninhsulated concenve ba-Aement floor winth a teutmi difernce ae o ac nuain
of 20*F between the basement floor and the air 6 in. above the Heat Loss From Plyes and Flat Surfaices
floor. A U-fk=or ofQI0. Btu/h W-F is sometimes used for con-
Crete basement floors on the ground. For basement walls below 'llbits 9A. 9Bl3~ nd 10 jive heat losses from bare steel pipes andgrade, the lempeatur difference for winter design conditions is fla surfacec' and bare copper tubes. These tables were calculated
Eftatethan~ for the floo~ t Tmresults indicate that at the nuadheight usng ASTINI Standard C 680, "Pr'actice for Determination ofof the belowlirade portion of the btsemenat %IaL the iviit area hew, Heat Gain or Loss and the Surface 'trepemturr of Insulated Pipe
loss is approxamsely twice thsa of the. floor. an Eqimn Slystems hi' the Use of a Computer Pregnant."

Fr coeme slab floors in coatact wuiti the ground at grade Usr inpatts lor these programs iuclude operating temperature, aiim-
level, tmu indicaze that for small floor areas (equal to that of a 75 bin tepriu pipesi. iyisultiort type, numbtr of insulation
by 25 ft house) the hiat loss can be calculated as proportional to Lytadtiktckness for each layer. A. pro r~ram option allows the
the licasth of exposcd edge rather Owan total area. This amIourtst uwe to input a surfaca coefficient or sueface emrirtance, surface
to00.81 Btmli per lirsear ft rif etpoied cd~c pser I¶ difference bet- otlentataion. and wind speed. Tlie computer uses Lhis information
ween the Lindoor air temperature and the avelt ge outdoor air to calclilate the beat flow and thc surface temperature. The pro-

* temperattir. This value can be reduced appreciably by installng grarrs calculate the surface cefficienti if the us.-.r has not ZLready
insulation under the ground slab and~ along the edge bienvecis the suppfied thatn.
floor and abutting walls. In most calculadons, i! thrt perimeter kisa
is calculated ac-curately, no other Coozr losses need, to bc cor. The equations used in ASTNI C 681,1 aru:
uiderewd. Chapter 25 contains data for loand calculations and heat ala 'It (4).loss values fur below-grade walls and floors at different depthm. A, (- ~ .1+L7(id 4

The second category Of 3inmplified procedures tises transienz-7
twc.4~mensional computer models to generate the ground, heat
trivisler data that are then reduced to compact form by regressior, hw contvecxion surface coefficient. Swu/h- t' (IF
anialysis., ,see Mitaias 1982 and 1983, Shipp 1985). The.ei-ea the. d - diametar for cylinder. in. For flat surfaces and large cylinders
most sclzutate procedures available, but the database is very m- (d > 24). use d - 2
Pensive ro veneratce. In addizion. these methods are limiked to thr ,, average temperature of air film. OF

x s surface to air te-mperature differece. OF
Wind w air speed. mph

o~e T -C - constant depending on shape and heat flow condition
- 1.016 for horizontal Lylinders

I a 1.235 for longer vertical cylinder,

4.0, 1.394 for vertieai plates
1.79 for horizontal platns. warmer than air. facing upward0.89 for horizontal plates, warmer than air, facing downward

mc - a1.79 for horizontal plates cooler than air, facng downwardI - - ex 0.1713 x 10 -OW, + 459.6)4 - (to + 459.6)41 (5

- -- ~where(t-
A,.., a radiation surface coefficient. Btu/h- ftl. OF

4 a surface ernittancc
to oair temperature, OF

t, a surface temperature OF

0 50 I I~v4*N~---oN b~hI, E.ample 7. Compute total annual hecat, loss from 165 ft of nominal 24in.
bare pipe in service 4O h per year. The pipe is camrngsteam at 10 psi and
is etposed to an average air temperature of 80'F.

Fig. 6 Surface Resistance as a Function of Heat Tiransmission Solution; The pipe temperature is taken as the steam temperature which
for Flat and Cylindrical Surfaces is 239.40F. obtained by interpolation from Steam Tables. By interpolation
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l 'D'b6le9A b4i-max I 230 '7, h ft I~s from a24m. pipe ist2•. siuwi'ae treilua•.e R, is 0.60.
Stu 6. ft. bTaW anUal, heat IOsU froro the latira Alne is 285.3 Fmm Tittie k, = 0462 and k2 - 0.30. Using Equation (9) from
DwAtbk x 163ft x o w Am~awwBt. Chapter 20:

1in0 hlt tiuJnug MIat flow, Equatiams (9) and (10) from C0apter . 1100 - SO O 100
2C uanf&aly an used. For dimuslou ot.sawdard pipe and ~tdtngi (4 4/0.62) + (OJ/0.80) + 0.60 8.48
sb-A1 titer bed.Piping Hzndbool: For insWtihion produatdimmn- .. wh t

0o=r :ftr T ASTM AmdwdC , -&mrwd Prmct=ce for
Inner and Outer Dil aieters of Igidt 'flerm , lnspaain for As a check, from Figure 6, at 120.2 Btu/h. ftl2 , -, 0.56. The mean
Nonenl Sian of Pi•ps and I ,AS (N j Syrmk, " *r to the i. temperature of the amLnerl fiber block is:
ilhlion man win Utwraum 4.S/0.62 a 7.26; 7.74/2 - 3.63
Lumples I and 9 Ilusae how Eftatlons (9) and (10) from 1100 - J(3..3/!.4%Xl020)J w 1100 - 437 - 663 F

Chaper 20cn teused to determine hent m frot both siat and
wyllndrical =urfacm Figurm 6 shoiss utsxface rrw5mu at a futc- avd the mean tempatu•e of the insulating cement is:
tan of ham Lrans.daiuon for both flau and c.lniOzc€a surfaces. 0.3/0.Y -, 0.63; 0.63/2 O 0.31; 7.26 + 0.31 a 7.57
"711 stafwi euitwancu is assumed wo* e 0U85 to 0.90 in still air at 1100 - .(747/0.4O(102C)I - 1100 - 911 - 189'F

From "kble 8, at 663 IF. k, a 0.60; at 189'F. k, - 0.79.Xxu&PiklL Cam p ate heant Io nl fr a iboiler" wagl • te incerior •insula. U sin S the se adjusted values to fecalc\ late ,r
tift surac tkz•paatm is 1100• W, wet still air tempeat-ure is SO"F.

The wag snsulated with 4 I.n. of - fiber block and 0.3 in. of 1020 1
minerSl f1ber Isulad and finishing met q, .

SchaiowAnn=wthatwmenmntmaperatuofth mtneml fber block (4.5/0.60) + (0.3/079) * 0.16 8.69
is 70• Y. th• mean wmpunee of the nulmlutng cemcat is 200*F and the 1 117.4 Btu/I*ft•

Table 8 Typicld Themanl, Conductivty (k) for Industial Insulations at Various Mean Temperatures - Design Valuea'

Accmtd Typical Ty.pical Conductivliy k in Btu-i/b h.tý -F at Mesa Temp, IF
m Temp. Density, .... .

264 0.25 0.30 0.48 0.78 0.95

30 diames fiber 200 4 0.72 0,.2 S 0.4 0.59 0.74
M49RAL FIPBER

(tock. Mlg or Sim)
Ulankou metal uumorc:d 12M0 6-12 0.26 0.32 0,39 0.54

6000 2.56 0-24 0.31 0.,10 0.61

Blanket, fitible, ftns-fMb 350 <0.75 0.25 0.26 0.-4 0.30 0.33 0.36 0.,3
organic beadod 0.75 0.24 0.23 0.27 0.29 0.72 0.34 0."

1.0 0.23 0.24 0.25 017 0.29 0.32 0.43
1.5 0.21 0.22. 0.23 0.25 0.27 0.8 0.:7O
2.0 0.20 0..! 5= 0.23 0 2 0.:6 0.333b0 0.1. 0.-20 0,U 0.22 0.: 024 0.31

Blanke fledble. zJle.flbr 350 0.65 0.2•7 0.2f 0-29 0.30 0.31 0.32 0.50 0,.60
man bonded 0.75 0.16 0. -7 0.23 0.29 0.31 0.32 0.4O 0.66

1.0 0 !,, 0-24 0.26 0,47 0.229 0.31 0.45 0.60
1.35 0,2- 0.2V 0.24 0.1S 0.27 0.'-9 0.9 0.1.1
3.0 0.-M 0.21 0.2 02 0.24 0.- 0.3". 0.41

Felt, semarigid oargani bonded 40 3-4 0.24 01. 0.26 0.27 0.35 0."4
M 3 30A4 C.17 0.O.1 0.20 0. -1 0.2t .2 0.7. 4 0.35 0.55

Landmed and f•tised without binder 1200 11-5 0.35 0.4s 0.60
SLOaCKS. UOARUS, AND PPK rVSULATION

MAGNESIA ldw i1-12 0.35 0.38 0.42
8iS% CALCIUM SILICATE 1200 ii-,i5 0.J 0..41 0." 1 0.12 0.62 0.2

1800 12-15 0.63 0.74 a."
CILLULAR GLASS 900 .5 0-27 0.29 0.29 0.30 0.31 0.32 0.31 0.35 0.36 0,42 0•49 0.70 •.03
DIATOMACROUS SILICA 16C) 2-2.2 0.& 0.2 0.i.

1) Z0.70 0.78 D.30

MINERAL Fl7R
Glas.
Organic bonded. block aW boiuds 400 3-10 0.16 0.O7 0.18 0.13 0,20 0.22 0.24 C-25 0.26 0.33 0.40,
Nospacking binder 1000 3-10 04."6 (.31 0.38 0.52
Pi•e insuhaion. slag. or lass 350 3-4 0.1.0 ,1• 0 0.0.2 0..3 3Z- 0.29

500 3-10 .2 0', 2 0.24 0.25 0,: 0,330 .40

Inorganic bcaded Wock I0m0 I0-15 0.33 0.38 0.45 0..s.
l1o 15-24 0.32 1).37 0,42 0..2 0.62 0.74

Ppes insuitone SIR, 0? ga low 10-15 0.03 0.316 0.4. 0..5.
Resin binder 13' 0,.23 0.24 0.2.5 4.26 0.23 0.29
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Table 3 TypitM. Thermal Conductivity (M) for tu'tdustvia•I Isulv.ois at Vjarious M.ean Temperatures - Desien V.lues (Concluded)

Accemts4 Typletz Typical CnwnduMvty k in Btu in/h, ftl -F at Mean Temp., OF
Max Temp. Oensity.SMait, l o~ Usb F l/tu-0-5 5 10 i o I 0 0 300 Soo 700 900

RIGID PO.yS"YRINE
L 4 (CFC-12 •p.)

(wmoowh skin surface) I6M L8-. 0.16 0,16 0.17 0.16 0.17 0.18 0.19 0.20
Moaled ilnuas 16i5 1 0.17 0,19 0.20 0.21 0.22 0.24 0.25 0.26 0,28

1.2M 0.17 0.18 0,19 0.20 0.22 0.23 0.24 0.M 0.27
1-i 0.16 0.17 0.19 0.20 0.a,1 0.22 0.,23 n.24 0.26
1.75 0.16 0.17 0.11 0.19 0.20 0.22 0.23 0.24 0.M
2.0 0.13 0.16 0.18 0.19 0.20 0.21 0.22 0.23 0.24

Mot!) POLYU)&rH'L'NS/POLYMqOCY.ANURATE.-d

Unfaced (CFM.-I1 OP.) 210 13-2.5 0.16 0.17 0.11 0.18 0.l1 0.17 0.16 0.!6 0.11
RIGID POLYICYA]NU'RATTE

Gas-imoarmable fa" (CFC.11 eip.) 130 2.0 C.12 0.13 0.14 0.11
RIGID PHENOUC

CIO$"an (CC.1. Ic .l131 ep.) 3.0 0.11 0.1l15 O20. 121
RUSSIR, Rlsid Fcamed 150 4.5 0.20 0.' .10.22 0.3
VEGETABLE AND AX41MAL FIBER

Wool fdt (pipe inJuLadion) .10 20 0.28 0.30 0.31 0.33
INSULATING CMLTSF'

MINURAL FIBER (Rock. sLax, or rIass)
With calojlejl day bu•gt 1800 24-31J 0.49 0.35 0.51 0.73 0.83
WMI, hvdauuc atting binder 1_2__ _0_4_1 0 75 0.80 0.95 0.95

LOOSE FILL
Celuilo~se iaulavoin (millied puler~ind

paper or wood pulp) 2..-3 C-26 0.27 0.29
Mineral fiber. satt, rock. at MJ*l.5 2-4 0.19 0.2! 0.23 0.25 0.26 0(.25 0.31
Perilte (eapanded) 3-5 0X 0.24 0.25 0.27 0.21 0.30 0.31 0.33 O.M
Silca Matotel 7.6 0.13 0.14 0,15 0.15 3.16 0.17 0.18
Vermiculite (expanded) 7.41.2 0.39 0.40 0.42 0.44 0.45 0.47 0.49

4-6 0.34 0.33 0.38 0.40 0.42 0."4 0.46

aiapma'taxive vsleis for &,. mawitia". which Ur tuli av deropt (not ;Soma po• ruthane foams *re kcrmed by reaal %tha produci t stable pro.
weilfcalimo) valtos for materials in iomalml wit. Inava•)o matrrials in aoua duot (with npn to k). WIt mt Wre blown with rafrierlat and ,ill chait,

Mvic may hav, th•eMl V111U91 that vary froM d4siPg vU1u0 deyAUM On ther . witl time.
ti-situ protr.ties (".l.. d•,tsi•y and mirmisture contett rr pQp, 'iv, of a "r- dSee TabP. 4. footnote h.
ticula, pumouct. " tihe vualuesupp-ii• by dw mufat" -v by unbiam% trisl. Sti Table l. !oo.-.ote i.

•Th qs tam auurtes are praii' aicelted "a mamtlum. Whimt apr'ini
fn'uawreii• rOah these Wanu follow thi msnufeaent rau oinrw 'Ua'Atan.

From Figure 6. at 117.4 Btu/h. ft2. Rs -- 0.56. The man tempera1re of From Figure6. at 76.0 Btn/h, ft2. R• v 0.60. Tihe mean temperature of
the mineral fiber block it: the diatomaccous silica it:

4.5/0.6 -a 7..5 7.50/2 w 3.71 5.45/0.66 8.26; 8.2.6/2 - A, 15
1100 -. 3,75/A./i9(1020)) a 1100 - 440 a 660*F 1200 - [(4.13/i1..83) (1120)! - 1200 - 112 - 888F

aend the mean temperature of the ciacium silicate is:And the Me~n tempaaure or" thi inmuiating ezmtemt i:.
239/0.40 - 3.98:5.98/2 - 1-99; V.•, + 2.99 - £112..-10.3/0.79 - 0.61;0.63/2 0 031: "7.•0 - 0.31 - 7.3! 1200 - [(11 M/14.63)(11203; - 1200 - 8J0 - 3S0F

1100 -. E(741/11.69)(10203) 1, 1100 - 917 - 183'r

From Mable A. at 6 F, kt w 0.60; at J3OF. k2 1- 0.79. From "lhile 8. k, - 0T.h .2 = 0.46. Ricalcu1atin8:
Since R,. k, and kA do not change at thera vwiue•. q. v 117.4 -120 - $3.8 E9u1/h. ftl

1Jtu/b ft'. 7 (1.45/0.72-)-+ (f39/0.4-) - 0.60
E.atsple 9. Compute heu loss pzr squa.r fout of outer surface of ir-

iudtOr, if pipe tuv•pcttum is 1200" and ambient still air temperature From Fiuimre s4 V3.3 Htu/h • ftarz, ' 0.59. The mean temperature of
is 80I'R "he ptpe n. itrno al 64.a. ee pipe. insulated with a ýominal 3-in. the diatomaceous silica is:
thick diatomaceous silica a& the inner layer and a nomina 24-n. thick 5,4S/0,7• , 7,S7; 7.S7'2 - 3.72
calciurm silicnit as the outer layer. 400 - (3.78/13.36)(1120)] - 1'600 - J17 - 883*F

5oMtsimr. Frow Chatpier 33 of the 1908 EQuIPMENhTl Volume., = 3.31
in, A nominal 3-in. thick diatomac.-ous silica insulation to fit i nominal
&in. steed pip-e is 3.02 it,. thick, A nisminal 2 -in. thick calcium silicate in- and the mean ten-,xI',uvc of the calcium silicate is:
sulation to fit awer the 3.02.in. diatomaceous silica is 2.08 in. thick. 239/0.46 - 5.20'. "L, - 2.60, 7.37 + 2.60 i 10.17
Thefi'o. ri v 6.31 in. a•td,' " 8.41 in, 1200 - [(10.17/13.36)(1i20)l .- 1200 - 853 - 347-F

Mcsurnedwt tht incntempe•u•us ofthe Wktorractous silica is 6WOF. From TLble 8. ki a' 0.72; k, 0.46. Recalculating:
the miean temPis'turvr of the r.4lcium silicate is 250"F and the surface
ftisttta.ce, A, is 0.50. Fromn Titli 1. k$ - 0.66: kj -, 0.42. By Equation 1120
4(0) from Chatinr 2a: (5.45/0.72) * (239/046) + 0.39 - 3.8 Btu/h. ftl

120C, - W
.,I+ (6.33/3.31)/f.&iJ + •8.41 Izt(8.41/6.33)/0.410 + 0.j Sicee R,, k,, and k, do not change at 83.8 Btu/h - ft2, this is q9.

P120 The heat flow per ft- of the inner surface of the insulation is:
(2.9/0.) " 76.0 tu/ht 2 qo q,(r,/,) '- 83.8(8.41/3.31) - 21-. tilu/hli 0
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, Table PA. Httt Lo= from Rare Steel Pipe to Still Air at 8soF". tu/b -ft
Ne4100 r'.. Pipe blow T,41ratturr, OF

Wamas. hi 210 I23M 48U0so 710 380 980 1080

0.50 o9.3 147.2 20.2 412.3 6M.9 U36. 1 123.6 1485.6 1918.0 24368
0.75 72 180.1 322.6 306.2 739.2 1031.2 1392.9 1936.0 2373.5 3018.A 0
1.0D 30.• 220W1 396.1 622.7 910.9 1272. 0121.2 2271.5 2939.4 3741.6
i.2S 107.7 272.ri 490.4 77M2 1131.7 183.8 2145.6 2833.4 36#3.4 '680.9
1.50 12j.9 303.4 5.1 875.1 1283.8 1798.3 2438.2 32.24.6 4180.5 :3330.0,
2.00 131.3 378.1 681.4 1C,6.3 1581.3 X,18.9 3012.6 3989.* 5177.2 66(0.8
2. 5•.5 450.0 311.9 1284.0 8rA,8 264112.6 3604.3 4771.-o 6199.5 7912.53
3.00 215.9 11.8 533..5 1541.8 2271.4 3194.0 431,4.9 5762.1 7446.), 9562.1
3.50 243.9 679.0 1101.4 1744.1 2574.7 3623.6 49TO.0 6546.4 3510.4 10874.3
400 271.6 671.6 128..2 1948.7 2875.9 40S0.5 53f17.5 7326.0 9$28., 12178.9
4.30 2".2 747.7 1354.4 2150.9 1176.8 4477.7 6303.8 33019.5 10353.2 13496.2
1.00 329.8 44.7 149.4.8 237,1.4 3510.6 9.150.7 6751.3 8972.5 11678.4 14936.3
6.00 317.1 968.7 1717.8 27%4.8 4138.0 384i.4 . 7972.7 10603.1 13808.2 1767-.6
.00 440.,5 1102.8 2003.0 3189.9 4723.9 66"73.5 9114.2 121.7.4 157M9.4 20•0.8

3.00 493.3 1235.7 2246.1 3580.0 5305.5 7500.0 10243.4 13642.2 17778.2 "'C75N.0
9.00 345.9 1368.1 2431.3 3970.2 .118.7 8331.'• 1392.1 15A74.S 19787.1 25343.6

10.00 404.3 1514.8 2757-.2 4400.7 6530.1 9241.1 12638.6 16835.1 21949.2 11104.9
11.00 6M6.0 1644.8 299.5M 4783.8 7102.1 10054.9 11756.2 13328.. 23900.) 30606.1
12.J0 704.0 1w2.3 3203.8 5104.9 73S7,3 106611,,8 14524.9 19256.7 24967.6 31766.3
14.00 771.0 034.2 3525.9 5436.0 $371-9 11362.4 16235.5 21635.6 28212.- 36120.3
16.00 I87.2 2180.0 393.2 6f3v7.4 9495. U3458.0 18424.8 24356.6 320=1.1 4099"0.7
18.00 72 2441.7 4456.7 7132.9 106I9O 4 15041.3 20596.7 27453.2 35"9J.6 45313.1
20.00 1072,. 2692.4 4916.8 7173.2 11715.1 15613.4 22732.5 30326.8 39137.6 50590.0
24.00 1269.3 318!.9 3f2M.3 9339.9 139005.5 19M72.9 27019.7 36010.1 46930.3 60014.7

_________Table 98 Heat Loss from Flat Surfavus to Still Air at 80 OV. Stu/la .ft'

S*rfat laMie Tapnpat-re. OF

Verna Surface 212.2 533.1 973.3 138.6 2321-1 3293.0 '530.1 6062.3 794$.5 10 231.N
.risomma Surface

Fadun Up U.4.7 536.4 1061.1 1633.5 2484.9 3.501.9 4773.,4 6350.4 1276.3 10606.1
Hadomal Swrfam

.Fac8g Dow 183.6 465.3 861.4 1399.6 2112.8 3033.4 4€217.5 3 5696.7 7324.5 9154.7

Table 10 Heat Loss fro', taro Cow,"! Tubt to Still Air at $011P. Btu/h r ft

Nolnmii Tuibc Tuo Iowade Tempenature. O'
Sin. in. 120 10-0 too 2.10 2W 170 W00 3,3

0130 7.1 14.1 21.9 30.6 ,9.9 M.-0 60.6 11.
0.373 9. 33.0 23.! 39.1 31.1 63.9 77.6 9L7,
0.500 11.0 21.8 34.0 474 61.3 77.5 94.1 In1.3
0.730 14.1 29.I 4.0.4 63.3 82.7 103.6 126.0 1490.8
1.000 18.3 6A 54.4 73.7 102.8 121.9 136.7 136.5
1.2.0 21.a 43.1 67.2 'f3.6 12=.4 151.4 186.7 2277
1.5•0 35.1 49.3 17.6 109.3 141.5 177.4 1 .0 07.1
2.000 3i.; 62.9 98.0 136.7 178.8 224.3 273.L 325.-
2.500 38.3 73.6 317.9 164.4 4,5 1 :9.11 323..7 391.8 DOa31e , 0.44
3.000 i4.6 83.1 137.3 191.5 2I'.5 314.. 383.2. 416.9
3.500 50.3 100.3 356.3 218.0 21,5.4 32I.2 436.7 120.8
4.000 57.0 312.3 173.0 :44.2 319.7 d03.4 4W•.4 533.9
5.000 9.0 133.9 211.7 293M. 386.9 4860 39LS 707.6

3.00 10.7 159.0 247.7 34.7 412.1: 54.9 694•2 829.0
L.000 103.7 204.1 317.8 M43,/ 561.3 730.7 092.1 1066.0

10.0100 126.1 247.9 386 .4,39A 706.5 333.4 105.2 1277.4
I3.000 148.0 290.9 433.0 632L5 329.i lo30,: 1274.6 1324.4

0.250 3.4 10.8 16.9 23.5 30.5 37.9 45.5 33.5
0.375 4.8 13.7 21.4 29.7 32.6 47.9 57.6 67.6
0.MO D. 16.4 23.7 33.7 46.3 37.4 69.1 81.2
0.730 to." 21.6 33.3 46.9 60.9 15.6 90.9 106.1
1.000 13.2 26.5 41.4 57.6 74.7 ,.. 33 1.6 1313.2
3.24 135.5 31.3 48.3 0.7,8 38.0 3109.3 131.6 134.7
3.500 17.8 35.8 X4•.0 77.8 100.9 125.3 150.1 177.4
2.000 " 44.6 0.7 96.3 123.7 136.1 187.9 22U1.
2.500 26.4 13.0 Ms3 115.1 149.5 18.56 23.5 263.0 rSnght t A O.
3.000 30.5 61.2 95.6 132. 1372.4 214.. U7.9 303.3
3.30D 34.4 69.1 107.9 150.0 194.3 342." 291.4 342.9
4.000 38.3 76.8 120.0 134.8 216.6 249.3 324.1 381.4
5.000 45.7 91.8 143.4 19W.3 253.8 321.6 367.4 456.1
6.000 33.0 106.3 I66.0 .30.7 299.7 372.5 ,48.7 528.3
8.000 64.8 134.1 209.4 291.1 3783Z 4"70.1 546.5 667.2 :

10.000 80.2 160.8 251.0 349.0 453.4 563.7 679.5 300.4
12.000 93.0 113.5 191.3 404.9 526.1 6542 73M.7 929.3.

•ua~ad a roimm AS•TM C042.. for capper: k - n784 Btu.inth -(t'F.
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"Table 11 Recommended ThIcknesses for Pr'iH ant Equipment Lnski e•uh ,

MINERAL FINER (Filbemrlass aud Rock W Ioh| CALCIUMlm nWPPProces Tempaertgw,. OF

S.ea. in. 1i0 M 350 450 516 "o 73 Ulf) "o oo 350

750ka I5I 95K 205 2V 3 31A 4 1e I_ 1

t Hat 2Lou 3 16 24 33 43 54 66 14 0oo 114 1i 24 34
Su rf'ac e T em per ature 72 75 76 78 79 $1 C 3•6 37 $.,7 71 78 so

'Tnicknu 1 1K .2 2I K ½ 4 4 It " 5, 2 2A
I Hem Loss I! 21 30 41 49 61 79 90 114 j¶5 !5 26 38

Surface Temperature .3 76 78 80 "9 at 84 86 88 89 3 -"6 79

Thickness 1 2 2" 3 4 A 4 5.V 5%11 6 1-i 2Vi 3
VA Hatz LoSS 14 22 33 41 54 73 94 10W 11 1$2 M 17 19 42

Surface Tempera 73 74 77 79 79 82 86 84 88 90 I 7' 7. 71
Thicknes I K 2 3 3 VA 4 4 4 51A 6 6 it",• 21/. 3

2 Heaz I, 13 25 24 47 61 81 105 114 137 168 19 32 47
Surface Temperature 71 75 7T 77 79 83 87 - 5 8 9 9 74 i6 79

'Tbckft.n IA 2' 31 4 4 4½ 4V. 6 "7 2 3 PA
3 Hat Los 16 28 39 54 75 94 12i 133 154 1b4 21 37 54

Surfuce Tra.ue 72 74 75 77 81 83 8V 86 87 90 73 75 78

Thickno 1PA 3 44 4 5 $ ½ 6 7 7½ 2 3 4
4 Heat Loss 19 29 42 63 88 102 126 112 174 206 23 43 58

Surface "arraperat.re 72 73 74 78 32 86 85 67 85 90 7C 76 77,

Titickazs 2 3 4 4 4K 5 SK 5K 7%j 8 2 31A 4
6 Heat Loss 21 38 54 81 104 130 159 181 208 246 33 51 15

Surface Tlmperan-e 71 74 75 79 82 84 87 38 d9 91 74 75 79

Thicknss 2 3K 4 4 5 1 3v 7 8 8'/A 2 I ½ 4
8 Titm Ls W, 42 65 97 116 11C 189 204 234 177 35 6: 90

Su•face Temperature 71 73 "6 W0 Si 8, 89 88 U9 97 73 76 79?SThickness 2 3½' 4 4 5 3K P4 '7j ý i~ 9 7!A 4 It
0 10 Hea Losu 32 50 77 115 136 170 220 226 259 307 [ 4 , 66 106

Surface Temperature 72 74 77 81 82 85 90 67  S9 91 1 7 715 be

Thickness 2 3 V 4 4 5 5 ' 5~ k Y, 3½ 9!1 2 1.
12 Mew, Los• 57 37 131 154 1K2 249 ?.' 293 331 47 %h z21Surface Terript-urer 72 74 77 32 82 86 91 8F 89 91 73 76 81

Thickness 2 3K 4 4 5 ½ 65 7½ 9 V½ 2½ 4 4."
14 eat e J,,O 40 61 94 1~1 165 206 236 27T 29' 35 S1 81 130

Surface Twipetature r2 74 7'y 82 83 86 •7 89 59 91 73 1 SI1

""kene,, 21 3½' 4 4 5'A 5½ý 7 8 9 10 3 4 4
16 htat Loss 37 6a 105 i57 171 223 247 284 326 3701 510 90 144

Surface Tr•_penture 7i 74 78 83 82 87 9 6 8 89 ,1 72 76 32

Thicknes 2" P'1 4 4 50 ' 5 7 9 !0 3 4 4
18 Heat Losw 41 75 11., 173 187 150 270 3104 '. ,4 •5 ! 9 159

Surface Temperature 71 74 78 83 83 87 87 88 90 91 73 Y6 82

Thick•.os 2%1W 3vi 4 4 35 5114 7 4 10 3 4 4
20 Heat Los 45 12 126 189 204 27' 292 331' 343 436 60 108 174

Surface Temperature 71 7i 78 83 83 37 87 89 1)0 92 73 77, 82

Thickness IA 4 4 4 5½ C 7'. 1 9 10 3 4
.. 24 Heat Loss 5. 36 147 221 217 291 320 396 -439 ,&9d 71 127 203

Surface Temperature 7.1 /" 78 83 83 86 86 89 91 93 73 77 82

Thikness 2Vi 4 4 4 Zi 01 TA a ,; 10 1O 3 4 4
30 He•o Loss 6! 1M 179 268 286 332 383 ý39 451 !91 86 154 247

" Surface Temperature I' 74 79 84 84 81 87 89 89 94 73 77 83

Thickness Yz 4 4 4 to 7 8 9 10 1O 2 4 ,4
36 Heat Loss 77 123 211 316 335 364 4212 486 z!6 633 '19 181 29!

Surface Temeomure 71 74 79 84 8 4 84 8 6 g8 94 14 77 83

Thickness 2 3V./ 4 4 V,. 51/ 8' 9 V. Is !0 to 2!,V 3¼ J
Flat Heat Loss 10 14 20 27 31 27 31 32 47 38 1 20 2A

Surface Temperature r7. 7.' 77 80 82 so 82 8 85 S9 93 " 77 O13

"Comwilt manulacturer's 4ievraLre for product temnerature liasigations. and 7. F ph li " 'j tnd nio~y iot repr.•wrnt icj•i covt-itiwqs of OW.'. Uni's
Table ni bowl0 on typm.liaturan mW~ditions.e.... 65 F ',mibient tuepefmurc for ,iu.:kin•. •ivat lovi. aqn° ui •7 e tcmr ncturc i)rtc in tihin,, tw,/h l- t. aitvi
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TabW11 Ktomuuasded Thickausm assr P1p and Equipm.t Insulailv13 (Coicbaded)

SILICAnE CELLELAR CLASS

Pweuss Tepsustuf. OF Proeum T~mer"Oe uu OF
.450 50 650 750 W5 95 1050 ISO 2S0 m5 450 590 630 730

2K 3 3v½ 4 4 4 4 1 1 K 2 214 3 ½ .4
42 53 63 75 90 Mo 128 13 26 39 3 63 75 89
81 32 33 84 87 91 94 75 79 82 83 85 36 37

3 316 4 4 4 4 4 1 -1 I2½ 3 3 '
49 60 IN so 209 130 154 17 29 43 57 71 36 106

4 4 4 4 5 5 1 " 2% 1 4 4 44
34 63 No W0 228 139 164 13 32 4C 60 so I202 126

1 a% 892 9 9474 76 7q 0 34 as 92

3K 4 4% 5 3V 6 6 121 2% 4 4 4 4 ½4
61 75 90 106 123 142 167 15 36 33 67 39 114 0

M2 82 34 8s 37 a 91 71 77 $0 3M bS3 8 90
4 4% 6 M 6l1 3 1 ½ 4 4 4%4 5

71 37 105 123 143 71 202 26 41 62 32 110 22.2 154
so 32 54 V5 87 90 94 75 76 " 8 2 3 39 92

4 4Vs 5 5½ 6 G6½ 7 2 3 4 4 4 4%16
.82 202 114 142 164 tr 213 26 48 67 96 !28 253 177

4 41A S 3% 6 7 8 3K 4 4 41A 51 6
1w5 129 153 173 111W 224 245 35 56 35 123 153 172 201

33 as 97 39 91 92 91 74 76 8s) 85 38 3a 92
01 5 5 6 7 8 ½ VA V 3 V 4 4 A 5½0 611

a2 8 89 39 9 -90. 92 71 77 82 37 a7 90 91

4 %92% 4 4 A 31A 5A 7I
1419 168 200 233 243 269 306 4ei 7 12" 174 236 238 "490
V. F6 88 90 39 39 91 73 76 82 38 37 92 V.
4 5 5½3 7 a 83I 9½i 21A 4 4 S 3½ 5½ 1

110 191 266 236 263 300 330 so 33 1i8 199 211 248 168
A 6 &S u8 8a 90 91 74 ri 83 89 01, 93 A9

54½ S 7 8 9 9½i 2½' 4 4 4 5"4 1 A½
18*0 285 242 252 2t12 306 352 55 s0 148 21.1 =46 .185 273%
l66 5 89 Is 38 9 92 -/4 as8 3 1 91 38

4 .111 6V 71 8a to2 21/ 4 A 3 1A 5 8
W~4 210 237 265 307 3,38 37t2 is 7 2 w 65 175ý .10 319 300

3 7 if 3 - 87 89 90 91- 74 77 83 90 -, 38 %q

4 5½ 6½ 7% $A 9 it, 2', 4 4 4 5½ A ½ 8 l
225 232 759 289 3" 367 403 68 I1o 282 262 774 310 3r7

t7 81 17 227 U8 90 92 74 77 84 90 99 94 5

SA5 61A 7½ 8% 9%1 to 2 ' 4 A% 4!½, 5Y 5' 13 V
24S XV52 251 3,12 346 381 433 74 120) W 261 298 W51 354

g7 5 7 8u 89 go '1 4 "R 94 is 89 94 120

4 5% 6" 714 8½ý 91A t 22. 4 4 3 5% 31A 3
2S7 293 321! W4 3)97 A37 49 87 140 232 2719 346 4142 471

35 7 a3 8 89 90 9374 in1 __ 34 14 90 91

4 5½' 7 3 9 t 10 20 7 £%54 5½ 3
349 'Ji 368 409 .452 498 M29 107 171 232 312 419 Sf3 486

SO 37 v1 as 49 W0 '9 73 73 85 05 90 96 91

4 66A I½ fA 9 10 20 2 A 4 4 5½ 3AII
. lls35 406 475 524 576 632 1 27 20i 332 366 489 624 S6.4

89 84 1 861 91 44 j 5 78 AS 35 91 9% 92

j ' 64 1 Ili 814 9 'A 20 10 214 4 4 511 51A 7½
29 123 36 39 411 49 52 3 20 32 34 46 43 47
wI 3 3 84 83 37 59 93 '73 77 82 '23 38 87 IT.
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'Table 11 A~psren Thermai Conductivity (k) for Various Soils", Btu o n./h t' 2 .OF
__ isiciAgtlysis Ile byEW ih-t L_ Moisture Content. t7a

Gravel Sand Silt Clay 4j 0 ___I_
Sell Designation Drv Density. Ib/ft3--

ovar 0.020 to 0.000 to Under
0.0791m.. G.1179 in. 0.002 in. 0.M10 in. :100 110 12" 90 1111 9 100

Flae Qnushed Q114rt71 0.0 100.0 0.0 0.0 12.0 16,0
Crutehed Qtswtz 15.3 79.0 5.5 1 L5 16.0 22.0
Graded Ortaws Sane. 0.0 "9.9 0.1 10.10 I4.0

Fairbanks Sand 27.5 70.0 2. 0 3%.5 10.5 13.5 15.0

Chenx River 0.0e 0. 1. 0.0 9. L 13.01.3T-

Crushed Granite 16.2 r1.0 6855 73 !.

Ramsey Sandy Loam 0.4 53.6 27.S 18.5 4.5 6.5 10.0
Northway Fline Sund 0.0 97.0 3.0 0.0 45 5.35.
Norrhway, Send 3.0 97.0 0.0 0.0 I4.5 6.0 7.5=
Hvly C~ay 0.uo 1.9 20.1 78,0 -1.01 5.5 9.0-- 8.0 10,0
Fairbanits Silt Loant 0.0 7.15 80.9 11. Ls __________ 3.0 9 ____7.5 __0.0

r'alrbaisks Silty Clay Loam 0.0 9.2 63.8 27.0 51.0 9.G= 7.5 9.5
rorthway Sl~t Lo~an, 1.0 21.0 64.4 13.6 4.0= 7.0-- 6.0±- 7.0±-

aMessived at a um opr f. 40OF. -

Because trial. and error tec~hniques; are tedious, the computer Carslaw, H.S. aind J.C. Ja'.ger. 1959. Conduction of heat in solids. Oxford
programs prmwiously described should be used to estimate heat Uaiversity Press, Amer, House London. England. 449.
flows per unit area of flat surfaces or par uniz length of piping, Dill. L.S. W.C. Robinson. and H.E. Robinson. 1945. Measuerenertss of
and interface temperatu'res including surface temperatures he&., losses from slab floors. Nalional Bureau of Standards. Building

Several methods can be used to determine the most effective Materials and Structu'es eport. B MS 103.
Economic thickness for industrial insulation. 1976. GPO No. 41-019-001thickness of insulation for piping and equipment. Table I1I shows 15-8. Feea Energ Administiution. Wa'shington, D.C.

the recommended insulation thicknesses for three different pipe Farouk. & and D.C. Larson. 1983. Theirnal performance of insulated wall
and equipment insulations. Installed cost data can be developed rystents with metal studs. Proceedings of the l8th Intersociety Ener~y
using procedures described by the Federal Energy Administration Conversion Engineering Conference. Orlando. FL.
(1976). Computer programs capable of calculating thickness in- Houpen. F.C. 5S1. ~Thintuty, C. Gutberleat. and CJ. Brown. 1942. Hear Icis
formation are available from several sources. Also. manufacturers through basement wallk and floors. ASHVE Transactions 48:369.
of insulations offes computerized artalysis proge-ams for designers lay, F.A. 1953. Improving art~c space insulating vrlua. ASHAE Thrnsec-
and owners za evaituate insulation requirenent.s. For more infor- tions 64251.
maton on determining econtomic insulation thickness, see Kas~ten. M.S. 1949. Thermal properties of soils, University of Minnesota,

Chaptr 20.Engineering Experiment Station Bulletir 23. !une.
Chaptr 20.Latta. JXK and G.G. Boileau. 1969. Heam losses from house basements.

Chapters 3 and 20 give guidance concerning promrs control, Canadian Building 19(10):39.
personnel protection, concierration control, and economics For Lewis. W.C. 1967. Thermal conductivity of wood-base fiber and particle
specific information on SIX! - of commercially available pipe inI- panel materials. Forest P-ioducts Laboratory, Research Paper FPL -is,
sulation, see ASTM Standard, C 535 and consult with the Ther- June.
mia! Insulation Manufacturers Association (TIMA) and its MadAmn. S.D. 1941. Thermal conductivity of wood. ASHVE Tronsactiorns
member companies. 47(323).

McIntyre, DA. 1984. The increase in U-value o:~ a wall caused by mtortar
CALL,ULTING HEAT FLOW jomnts ECRC.'M1343. The Electricity Council Research Centre.

FOR BURIED PIPEUNES Copenhurst, England. June.
Miralas. G.P. 1932. Basement heat lot~s studies at DBR/NRCC. Division

In calculiating heat flow to or from buried pipelines, the ther. or Building Res-earch. National Research Council of C&..ada. NRCC
mal properties of the soil must be assumed. Table 12 gives the ap- 20416. September.
parent therml- condu~livity values of various soi!Ls These values Mitalas G.P. 1983. Calculation of basemient heat loss. ASHRAE Tran.,
can be used as a guide when calculating heat flow for buried lines. sactionZs. 89()L):420.
Blecause most soil or earth contains moisture, thermal conductivi- Robinsor. H.F.. FJ. Powlitch. and R.S. Dill. 1954. The thermal insula-
ty can vwry widely from the values givvn in Table 12. Kercsten lion value of airspaces Housing and Home Finance Agency. Hous-
(1949) discus.;es thermal propertves of soils. Ciuslaw and leteger ing Research Paper No. 32. an LQidr.17.Aosc]

(195) gvr cthdi fr clcuatig th het fow akin plce et- Sabine. Hi.. M.B. Lacher, DR. Flynn, n .L udy.17.Aosia
(195) gve mthoi fo caculaingthe eatflowsakn~ilcc et- and therniam perfot~men~c of excterior residential walls, doors and win-

wern one or more buried cylinders and the SUrroundip~gs. dows. National Bureau of Standards. Building Science Series 77,
No~vemnber

Shipp, P.H. 1983. Basement. crawlipace and slab-on-grade thermal per-
REFERENCES farmance. Proceedings of the ASHR.AE/DOE Conference, Thermal

Performance of the Exterior Envelopes of Buildings 11. ASHL4AE SP
Adams. L. 1971. 'Supporting eityogenic equ'ipment with wvood. Chemical 33:160-179.

Engineering. Ma:y. Shu, L.S. A.L. Fiorato. and J.W. Hoawanski. 1979. Heat transmis.ion coef-
Bassett. M.R. anid H.A. Trehowen, 1934. Effect of condensation an emit- ficierits of concrete block walls with core insulation. Proceedings of

tance of reflective insulation. Journal of Thermal Insulation 2 (Oc.o- the.,ASHRAFE/DOE-ORNI. Conference. Thermal Performance of the
ber) 1:27. Exterior Envelopes of Buildings. ASHRAE SP 28: 421.35.
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I* LP. IM3. Upoadbuig theritaW insalzo p oalwtatme of industrial Valore -C. 1910. Calculation of U-values of hollow concete masortry.
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UTDOOR air that flows through a building either inten- airflow resistance between the zones of the building, and the air-
tionally as ventilation air or unintentionally as infiltration tightness of the building envelope. If any of these factors is not at

(and rXiltrafion) is important for two reasons. Outdoor air is the design level or not properly accounted for, the building air e-
often used to dilute indoor air contaminants, and the energy change rate can be quite different from its design value.
associated with heating or cooling this outdoor air is a significant Forced ventilation affords the greatest potential for control o f
space-coaditioning load. The magnitude of these airflow rates air exchange rate and air distribution within a building through
should be known at maximum load to properly size equipment the proper design, installation, operation, and maintenance of the
and at average conditions. to properly esimate average or seasonal ventilation system. Forced or mechanical ventilation equipment
energy consumption. Minimum air exchange rates need to be and systems are described in Chapers 1, 2. and 10 of the 1987
known to assure proper control of indoor contaminant levels. In HVAC Volume. An ideal forced ventilation system has a sufficient
large buildings, the effect of infiltration and ventilation on ventilation rate to control indoor contaminart levels and, at the
distribution and interzone airflow pawns, which include smoke same time, avoids overventilation and the associated energy penal-
circmuiation patterns in the event of fire, should be determined (see ty. In addition, it maintains good thermal comfort (see Chapters
Chapter S8 of the 1987 HVAC Volume). 8 and 32).

S Air exchange between indoors and out is divided into ventila- Forced ventiation is generally mandatory in larger buildings,
tion (intentional and ideally controlled) and infiltration (uninten- where a minimum amount of outdoor air is required for occupant

, tional and uncontrolled). Ventilation can be natural and forced. heahh and comfort, and where a mechanical exhaust system is ad.
Natural ventilation is unpowered airflow through open windows, visable or necessary. Forced ventilation has generally not been
doors, and other intentional openings in the building envelope. used in residential and other envelope-dominated structures.
Forced ventilation is intentional, powered air exchange by a fan However. tighter, more energy-conserving buildings require yen-
or blower and intake and/or exhaust vents that are specifically tilation systems to assure an adequate amount of outdoor air for
designed and installed for ventilation. maintaining acceptable indoor air quality.

Infiltration is uncontrolled airflow through cracks. inteistices, Natural ventilation through intentional openings is caused by
and other unintentional openings. Infiltration, anfiltramion, and pressures from wind and indoor-outdoor temperature differences.
naturm ventilation airflows are caused by pressure differences due Airflow through open windows and doors and other design open-
to wind, indoor-outdoor temperature differences, and appliance ings can be used to provide adequate ventilation for contaminant
operation. dilution and temperature control. Unintentional openings in the

This chapter focuses on residences and small commercial building envelope and the associated infiltration can interfere with
buildings in which air exchange is due primarily to envelope in- desired natural ventilation air distribution patterns and lead to
filtration. The phsical principles are also discussed in relation to larger than design airflow rates. Natural ventilation is sometimes
large buildings in which air -hange depends more on mechanical defined to include infiltration, but in this chapter it does not.
ventilaticn than it does on building envelope performance. Infiltration is the uncontrolled flow of air through uninten-

tional openings driven by wind. temperature difference, and
TYPES OF AIR EXCHANGE appliance-induced presures. Infiltration is least reliable in pro-

viding adeo,uate ventilation and distribution, because it depends
Buildings have three different modes of air exchange: (I) fort- on weather conditions and the location of unintentional openings.

"ed ventilation, (2) natural ventilation, and (3) infiltration. These It is the main source of ventilation in envelope-dominated
modes differ significantly in how they affec.t energy, air quality, buildings and is also an important factor in mechanically yen-
and thermal comfort. They also differ in their ability to maintain tilated buildings.
a desired air exchange rate. The air exchange rate in a building at
any given time generally includes all three modes, and they all must VENTILATION AND THERMAL LOADS
be considered even when only one is expected to dominate.

The air exchange rate associated with a forced air ventilation Outdoor air introduced into a building constitutes part of the
system depends on the airflow rates through the system fans, the space-conditioning load. which is one reason to limit air exchange
airflow resistance associated with the air distribution system, !he rates in buildings to the minimum required. Air exchange typically

Thepeparation of(his Chapter is auigned to TC4.3. *01ation Requirements represents 20 to 4007 of the building's thermal load. Chapters 25
and Infihration. and 26 cover thermal loids in more detail.

23.1
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Air change irtcrease a building's thernmAi load in three ways. tion standards (Kliuss er a/. 1970, 'faglou 1936, 19377). Considetn-1
Fiuu, the incoming air must be heated or cooled fromn the outdoor tiorys have included the attount of air required to remove "thal-
air wmewatr~ur to the indoor air tempeaure. Th e rate of energy ed air and to ccntro rineriot moisture, cwrbon dioxide (COG.). and
cofl5WipLieft is given or. odor (see Chapter 12).

, - 60 Q a(1)& The maintenance of carbon dioxide (CO .) levels is a common
Where criteria for determining ventilation rates. A representative value

- W.Sbk ht ~.~ atCO2 production by a sedentary individual who cats a normal
Q a ifo rt f diet is 0.011 cfm. When steady state is reached in a ventilatedispace

e-air density, lb,/100 iabout 0.075) in which no removal mechanisms for CO: exist other than yen-
ex- $Pedfic he oat r B 3,AbvF (about U02 tilation, the concentration of CO, is given by-

At - Intloof-outdoor teiperature differentz OFC 7o-t 3
Secoud, air exchange. increases a building,'s moisture content, whereCC F/ 3K pPrticolarlYin thesummer in some areas when humid outdoor air couicernniron of CO, inside the space

nmus be dehumindified. The raw of energy consumptit'ont associtaed C. canceruamtion of CO, outside the space
with..lbpe latent lod sgie r F - stnemdton rame of CO:. cfin

Z5-' Q a,-6.Qh ventilation note (outdoor air oaiy), ctrn
L' where The ventilation rate per person reuircd to maintain the indoor

4,- latentt beat loads, Btu/h C02. level at some qrsmicbcd limit CL is given by:
lat-ehnt hewt of vapor at the approptia ae ir temp~tat'ire. (0.011 X 100) / [C'4( 0 e) - C,,ol(4)
Stu/lb, (about 1000)

LII M bunidity rati of indncr air miffus humidity ratio of' out. A typical outdoor concentrtatior. for CO., is 0.03 O.o
door air. lb. .e/1b, dry air ASHRAE Standard 62 SPCcifies VentilatiOn rAtes irequired to

maitain acceptable indoor air quality for a vwfiety of ipace uses.
Finally,~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~h ai xbnenices bidn' hra od y-itandai'i contAins a basic require-ment of U~ cfm of outdoor

dcwcasing theperformance of theenwloveinaulation syrnem. Air air per person, based on a CO-, concentration litrit oF 0.1%T .
flowing around and through the insulation can increase heat While normal healthy people tolerate 0.507o CO, without
Umfrndfuuazabovedesign rat~es.The cftecof such airflow on in undesir; ble vymp'torn% (Mlckattie 1960) and submarinesI
mulation system perfotmance is difficult to quantify, but should sometimes opcoate with 1it CO2 in the atmosphere, a Ic ci of
be Considered. Airflovw within the insulation system can aLrm 0*a% povides a safety factor for increased activity, unusual oc-
deareltsethe stam~s meronnnce due to taoist-arecondensing in cupancy Load. rediuced ventilation, and control of. odors.
and on the WinuliudoI AlneerrAtively,, Standard 62 can be comiplied with by maintan..

VENTILATION AND AlR QUALrITY ing the concentrations of certain contaminants within limits
prescribed by the standard through some combination of source

Outdoor air requireutents have been debated for over a century, control, air treatment, and ventilation. lhble I lists some con-
and different ration;8 es have produced radically differetit ventia- taninants of concern, clasifled according to sourre type (Berk

er al. 1979).
in cases of large contaminant source strengths. impractically

TbeIIndoor Air Pollutants In Residential Bufldings high levels of ventilation arm required to control contaminant
Soarem Poust.t Ivves levels, and other methods of control are more effective. Removal

OUTDOOR or reduction of contaminant sources is a very effective mneans of
Amnbient air S02 O2 .NOj Md control. Construction materials with 'low ccnuuittiaan emission

cabnO. cO5. 0 F iuitesdo rates should be specified when possible. Sealants can be used in

Mawr vehices COP. ph-Idrbofm, some situations to prevent outgassirig. Spot ventilation. such a%
paniulanrange hoods or bathroom exhausts, for controlling a localized

soil Radon source is also effective.
INDOOR Particles can be removed with various types of air f ilters.

Builingcorstrc-tin nmersikGaseous contaminants with higher molecular weight can be con-Concreme stow, Radon trolled with octivated carbon or alumina pellets impregnated with
Particleboard, pllywood Formaldehyde substances such as potassium permanganate. Chapter 10 of the
Insulation Fhi~rtaddiydc, fiber gSits 1988 HYAC Volume has information on air cleaning. Stadard 62
Fireq retardsot Asbestosalosaeutlclasdartbesbtuedfrudori.

allowse adqael lane irt e usittdfo udorar
Paint Mercury, organics The circulation rate must increm but energy may be saved in con-

Building Contents ditioning outdoor air. Each contaminant. and an appropriate
Heting and cooking CO. NO, NO,, formal- cleansing method, needs to be considered.

combIustion appliances dehyde, partimilates Source control and local exhaust, as opposed to dilution with
Furnishings Organics ventilation air. is the method of choice in industrial environments.
Water service; natural gZS Radon The practice or industrial ventilation is well developed, and is

Human occupants discussed in Chapters 41 and 43 of the 1987 HVAC Volume, and
Metabolic activity H20, CO2. NH3, odor, the ACGIH- Industrial Ventilation Manual (1986).

Human activities
Tobacow smoke CO. NO., organi"t

puartculase odors DRIVING MECHANISIMS
Mcroaol spray devices Fluorocarbons, vinyl chloride
Cleaning and cooking products Organic&, Nil-1, odfors Natural ventilation and infiltration are driven by pressure dif-
Hobbies and crafts Organics ________ ferences =aused by wind, temperature differences between indoor
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and outdoor air (stack effect), and the operation of appliances, pressure distribution due to wind and the location and air flow
such as combustion devices and mechanical ventilation systems. rate/pressure difference relationship for every opening in the

fhe presse difference at a locatieon depends on the magnitude building envelope are needed. These inputs are difficult tc obtain
I these driving mectanisms as well as on the charactreistics of for any given buildiag, makin2 such a determination ur realistic.

the openings in the building envelope., L.. their locations and the
releiomship between prewre difference and airflow for each Wind Pressure
opening.

Pressure differences across the building envelope are based on Wind pressures are generally positive with itspect to the static
the requirement thasbe mass flow cf air into the building equals pressure in the undisturbed airstream on the windward side of a
the mass flow out. In general, density differences between indoors building, and negative on the leeward side. Pressures on. the other
and outdoors can beneglected.,so the volumemric airflow raein- sides are negative or positive, depending on wind angle and
to the building equals the volumetic airflow rate out. Based on building shape. Static pressures over building surface, are almost
this assumption, the envelope pressure differences can be deter- proportional to the velocity head of the undisturbed i.rstzp:-ran.
mined; however, such a determination requires a gor-at deal of The wind pressure or velocity head is Siven by Bernoulli's equ,.
detailed information that is essentially impossiblc to obtain. tion, assuming no height change or head losses:

When wind impinges on a building, it creates .i distribution of p, - C VC;)/2 (7)
st2 tic pressures on the building's itterior surfice, which depends
on the wind direction and the location on the building anterior. where
This pressure distribudon is independent of the pressure inside the p, = surface pressu-e relative to the static pressurc in tht un-
building, pi. If no other forces act on the building, if no indoor- disturbed n. , in. of %ater
outdoor temperamne differncre edst,, and if no appliance forcm Q - air iensity, Wlb/ft3 (about 0.075)
air through the building, the pressure differences, in constant v - wind speed. mph
units, are determined by the interior static pressure, according to: C, - surface pressure coefficient

- unit conversion factor = 0.0129
wher AP -,PO * P' - P! Therefore Equation (5) can be rewritten as

P- psm differencbetween outdoors and indoors at the AP - PO*+ C, CPV'/2 -p, (P)locution
Pq static pressure at reference hmight in the undiscurb- CP is a function of location on the building envelope and wind

ed flow direction. Chapter 14 (Airflow Around Buildings) provides addi-
P, wind pressure at the location tional information on the values of C,. Although standard con-
p- interior pressure at the height of the location ditions are frequently used, the air density and consequently the

If no indoor-outdoor temrerature difference exits, the interior wind pressure can vary for a given wind speed with changes in,•sta.c pressure pl decreases linearly with height at a rate depen- temperature and/or elevation. For example, for an elevation rise
Wient on the interior temperature. This raze of pressure decrease from sea level to 5000 ft. or an air temperature change from - 20

equals - eig where el is the interior air density and g is the ac- w 70*F. the air density will drop about 20%. If these elevation and
celeration uf gravity. The interior static pressure assumes a value temperature changes occur simultaneously, the air density will
such that the total airflow into the building equals the total airflow drop by about 45%. Therefore, the effects of local air density can-
out of the building. The interior static pressure may be determined not be ignored.
by calculating the airflow through each opening as a function of The wind speed incident on a building is generally lower than
the inzerior pressure, addingalloftheseairflowratestogether, set- the average meteorological wind speed for a region, and
tins this sum equal to zero, and solving for the interior presure. meteorological dam usually overestimates wind pressures on a
However, w solve for the int.rior pressure in this way, the location building. Building wind speeds are lower because of effects of
of each opening in the building envelope, the value of p, at each height, terrain, and shielding (Lee et al. 1980). The wind speed is
opening, and the relationship between airflow rate and pressure zero at the ground surface and increases with height up to an
difference for each opening must be known. altitude of about 2000 ft above ground level. Meteorological

When an indoor-outdoor temperature difference exists, it ira- measurements typically are made at a height of 33 ft in open areas.
poses a gradient in the presure difference This pressure diffeence Residential building heights are generally less than 33 ft and are
Apy is a function of height and temperature difference and may be therefore subject to lower wind pressures. Tal buildings are sub-
added to the pressure difference due to wind in Equation (5). The ject to a range in wind speed over the height of the building, ex-
pressure difference is now expressed as: posing the exterior to wind pressures that are both lower and

higher than estimates based on Equation (7).hp - Po + Pw - Pi, + APs (6) The shielding effects of trees, shrubbery, and other buildings,
The parameter pi, is the interior static pressure at some within several building heights of a particular building, produce

reference height, and this pressure again assumes a value such that large-scale turbulence that not only reduces effective wind speed
"the total inflow equals the total outflow. A summation of all the but also alters wind direction, Thus, meteorological wind speed
airflows thrmugh these openings can be set up, set equal to zero, data must be reduced carefully when applied to low buildings.
and solved for the interior pressure at the reference height. Chapter 14 provides additional guidancr on estimating wind

When an appliance such as a combustion device or a ventila- pressures.
tion fan operates, an additional airflow is imposed on the building. The magnitude of the pressure differences found on the surfaces
The pressure difference is still calculated using Equation (6), but of buildings varier rapidly with time because of turbulent fluctua-
the interior pressurepi,~ changes so that the balance between in- tions in the wind (Grimsrud et al. 1979, Etheridge and Nolan
flow and outflow is maintained. This balance necessarily includes 1979). Howe-ver, the use of average wind pressures to calculate. the airflow rate(s) associated with the appliance(s), pressure differ .nces is usually sufficient. In residential buildings

To determine the pressure differences across the building the magnitude of wind pressure differences averaged over 20 min
envelope and the corresponding air exchange rates, the exterior seldom exceeds =0.02 in. of water under typical conditions. In
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many =ases the averages are less than 0.0 in. of water. For tall resistance to airflow within the structue. Therefor, Jn a one-story
buildings or buildings completely elpse to open terrain, the house with an 8 ft ceiling, an NPL of one-half the building height,
pMreur on the windward side is much closer to those calculated and a temperature difference of 4,5 R, the stack pressure will be
from average wind speeds for the site (Thimura and Wilson 1968). only 0.005 in. of water at the ceiling and floor. In a Lail building
In the latter eases, for immple, if v - 6.7 mph., P1 0.02 in. of (e.g., 20 stories of 13 ft each) with no ira.ernal resistance to airflow,
water, if v - 15.7 mph. p, a0.12 in. of water (assuming C, - 1)a the stack pressure under these same conditions will be 0.!8 in. of

water.
Stack Prtesu•rs The location of the NPL at zero wind speed depcds on the ver.

tical distribution of openings in the shell, the resistance of the
TMnperature differences between indoors and outdoors cause openings to airflow, and the resistance to vertical airf'low within

deilty diffen~cs, and thereforpressure difernces, tha dive the building. If the openings are uniformly distributed vwrtically
inflatron. During the hearing swason, the warmer inside air rises and thcre is no internal airflow resistance, the NPL is at the
and flows out of the building near its top. It is replaced by colder midheight of the building (Figure 1). If there is only ont ow.ning,
outdoor air that enters the building near its base. During the cool- or an extremely large opening relative to any others, the NPL. is
ing season, the flow directions are reversed and generally lower, at or near the center of this opening. Foster and Downs (1987)
because the indoor-outdoor temperature differences are smaller, studied the location of the NPL as it re!ates to natural ventilation
Qualitatively, the pressu distribution over the building in the in a building with only two openings.
heating season takes the form shown in Figure 1. Internal partitions, stairwells. elevator shafts, utility ducts,

Theheight atwhich theinterior and xterior pessuies are equal chimneys. vents, and mechanical supply and exhaust systems,
is called the Neutral Pressure Level (NPL) (Tamura and Wilson complicate the analysis of NPL locations. Chimneys and open-
1966 and 1967a). Above this point (during the heating season), the ings at or above roof height, raise the NPL in small buildings. Ex-
Interior presure is greater than the exterior, below this point, the haust systems increase the height of the NPL; outdoor air ;upply
greater atterior pressure causes airflow into the building, systems lower it.

The pressure difference due to the stack effect at height h is: Available data on the NPL in various kinds of buildings is
Aps - C2 (Q0 - q,) S (h - hNpL) (9) limited. The NPL in tall buildings varies from 0.3 to 0.7 of total

- C2 Qg• (h - hNpL)( 7 - TO) / To building height (Tamura and Wilson 1966 and 1967a). For houses,

where especially houses with chimneys, the NPL is usually above
midheight. Operating a combustion heat source with a flue raises

Aps - presure diffemnee due to stack effect, in. of water the NPL further, sometimes above the ceiling (Shaw and Brown
a - air density, lb,/ft (about 0.075) 1982).
'- "height ofobnervationa, ft Equation (9) provides a maximum stack pressure difference,

. - heigt of neural Pressure level ft given no internal airflow resistance. The sum of the pressure dif-
r - absolute uipnature OR ferences across the exterior wall at the bottom and top of the

C2 - unit conversion factor - 0.00398 building, as calculated by Equation (9), equals the total theoretical
Subseripu draft for the building. The sum of the actual top and bottom

i 4 pressure differences, divided by the total theoretical draft, equals
o - outside the thermal dmft coegficienL The value of the thermal draft coef-

ficient depends on the airflow resistance of the exterior walls
A useful estimate of the magnitude of the stack effect on a relative to the airflow resistance between floors. For a building

building is that the pressure difference induced by the stack effect without internal partitions, the totrl theoretical draft is achieved
is 2.7 x 10- in. of water/ft. *R. This estimate neglects any across the exterior walls (Figure 2A), and the thermal draft coef-

ficient equals I. In a building with airtight separations at each
floor, each story acts independently, its own stack effect being
unaffected by that of any other floor (Figure ZB). The ratio of the
actual to the theoretical draft is minimized in this case.

t Real multistory buildings are neither open inside (Figure 2A),
nor airtight between stories (Figure 2B). Vertical air passages,
stairwells elevators, and other service shafts allow airflow between
floors. Figure 2C represents a heated building with uniform open-
ings in the exterior wall. through each floor, and into the vertical

Pi>P, shaft at each story. Between floors, the slope of the line represen-
ting the inside pressure is the same as that shown in Figure 2A. and

-- NEUTRAL LEVEL . ... the discontinuity at each floor (Figure 2B) represents the pressure
difference across it. Total stack effect for the building remains the
same, but some of the total pressure difference maintains flow
through openings in the floors and vertical shafts. As a result, the

P, <P0  pressure difference across the exterior wall at any level is less than
it would be with no internal flow resistance.

Maintaining airtightness between floors and from floors to ver-
NO WIND fical shafts is a means of controlling indoor-outdoor pressure dif-

ferences, and therefore infiltration. Good separation is also con-
Fig. I Pressure Differences Caused by Stack Effect ducive to the proper operation of mechancial ventilation and
for a "ypical Structure (Heating). (Arrows indicate smoke control systems. Tamura and Wilson (1967b) showed that

magnitude and direction of pressure difference.) when vertical shaft leakage is at least two times the envelope
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.---- airtightuess has been discussed for low-ri-e buildings (Nylund
1980) ind sor office buildings (Tamura and Wilson 1966 andWOUMIACC 1967b, Pet.sily avid Grot 1985•a).

,iSn hmimi,4Air exhausted from a building must be balanced by increasing
EX• M** WALoL the aIrflow into the building through other openings. In this situa-

Sti,, on the NPL riscs, and the airflow lR some locations changes
mdirecaion from outflows to inflowi (in the winter). Thus the effects

-be considered.

X g'.C Depressurization caused by an improperly designed system can
.. . increase radon entry rates into a building and interfere. with the

- proper operation of combustion device venting or other exhaust
sysiems, Overpressurization can force moist indoor air through

A..-L-1-'- 04CISUP1 the building envelope and, in cold climates, moisture may con-

Fig. 2A Stack Effect in a Building dense within the building envelope.

with No Internal Partition The interaction between mechanical systems and the building
envelope also holds tbr systems serving zones of buildings. The
performance of zone-specific exhaust or pressurization systems

__ o wis affected by the leakage in zone partitions, as well vs in exterior
-2.. £walls.

WF.E•N S- Building envelope airtightness and interzone airflow resistance
OLO can also affect the perfornance of mechanical systems. The ac-ACROS S tual airflow rate delivered by these systems, particularly ventila-

_--- don syseinrs, depends on the pressure that they work against. This
effect is the same as the interaction of a fan with its associated

aI % • --- ductwork discussed in Chapter 32 (Duct Design) and Chapter 3
- in the 1988 EQUIPMENT Volume. The building envelope and its

leakage can be co-sidered part of the ductwork in determining the
£ .-si Ppressure drop of the system.

[.t] wmmc rates ue tothe sparat

sCombining DaivingrFores
Fit. 2B Stack Effect in a Building The pressure differences just discussesd aoe onsiderea in com-

wmith Airtight Sesraon of Each Story binaior by adding them togeher and determiwreg the airflow rute
through each opening due to this total pressure difference. Becath se

___-- __- a-the airhlow rate ino thrghese open r oeninsearly related to
A... _.U. \ 1415 dereesesr te defpressure aiving forces must be combined in this

Stk Effects•Rnd manner, as oppoin to adding the airflow rates due to the separateACROSS driving forces.

.f ha.Figure 3 qualita iuvely shows the addition of driving forces for

C I - •ferecesa building with uniform openings above and below mideight and
leakagthe thermal dft cffic" iost withoutO significant internal resistance to airflow. The slopes of the

Vor a1r"ls pressure linev am functions of the densities of the indoor and out-
floorsn h t increses.the bcoe en ldoor air. In Figure 3A. with inside air warmer than outside, and

ACROctave. Meurmes of p ssure differences caused solely by thermal forcesn the NPL isat midheight, with inflow through lower openings and outflow

b '-idnsb adWlso 9an e tthrough higher openings. A chimney or mechanical exhaust
""adf oW.nrngdrossu decreases the ingide pressure and shifts the inside pressure line to

the left, raising the NPL: an lcess of outdoor supply air over eon
Feaaica Stems theust would lower it. Figure 3B shows qualitative pressure dif-

ferences catied by wind alone, with the effect on windward and

Ceakage, the thermeu draft oefcien is atmost 1. Openings in leewacd sides equal but opposite. When both the temperature icl-
floors an less effective in providing communication between ference and wind effects both act, the pressures due to each are
floors; as the building height incrae. they become even less ef- added together to determine the total pressure difference across

fectioen Measurements of pressure differences in three tall office the building envelop a Figure 3C shows the combination where the
buildings by "Imura and Wilson (1967a) indicated that the ther- wind force of Figure 3B has just balanced the thermal force of
mal draft, coeffcient ranged from 0.8 to 0.9 with the ventilation Figure 3A. causing no pressure difference at the top windward or
systemm off. bottom leeward side. Total airflow is similar to that with the wind

S" acting alone. but significantly larger than the airflow due only to
Mechanical Systemns the stack effect.

The relative importance of the wind and stack pressures. in a
Changes in pressure differences and airflow rates caused by building depends on building height, internal resistance to vertical

mechanical equipment are unpredictable unless the location of airflow, loa.l terrain. and the immediate shielding of the building.
each opening in the envelope and the relationship between pressure The taller the building and the lesser the internal resistance to

difference and airflow rate for each opening are known. The in- airflow, the stronger the stack effect, The more exposed a building,
teraction of mechanical ventilation system operation and envelope the more susceptible it will be to wind. For any building, there will
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be MeM ofwindspeedandtempewluredlfference for which the Addlhional terms for ventilation flow are neeedcd when
lldn's $ inflltration is dominated by the stack effect, the wind, mectiavru-l sy-tems are sed. Balanced mechanical setem do not

OWr a rehge in which the driving pressures of both must be con- change the int-:nior prssure in the building. as long as they supply
siderid (Sinden 1978). The above factors determine, for specific to and chaus: fromn .ach zone of the building at an equal rate;
Wvalues of temperature difference and wind speed. In which regime therefore, they axre sirmply added to the other terms. UnbaLanced
the buil•iungs Inflltration lies. flows change the LýiZding pressure distmbution, and Sherman and

The effect of mechanical ventilation on envelope pressure dif- Grimsrud (1980) suggested that they be added in quadrature.
ferinces is more complex and depends on the direction of the yen- Equations (12) through (14) summarize these rules (Sherman and
tllaion fl-w (oftust or supply) and differences in these ventila. Modera 1966):
tion Ilows among the zones of the building. If mechanically sup- Superposition:
plied outdoor air is provided uniformly to each story, the change (12)
in the exterior wall pressure difference pattern from thermal Q - Q~i + (Qiffl " (•,).•)
pressures is uniform. With a nonuniform supply of outdoor air Balanced (additional) ventilation:
(for cample, to one story only), the ictent of pressurizaton varies Q A minimum of out (13)
from story to story and depends on the internal airflow resistance. A I
Pressurizing all levels uniformly has little effect on the pressure Unbalanced (additional) ventilation:
differences across floors and vertical shaft enclosures, but
pressurizing individual stories increases the pressure drop across , ma-•mumof(Qrn ,.is&I - Q (4)
these internal separations. Pressurization of the ground level is
often used in tall buildings to reduce the stack pressures across Levins (1982) and Kiel and Wilson (1987) further discuss the
enries. combination of mechanical venti!ation airflow rates with naturally

Vaious rules han been proposed for combining the infiltration induced infiltration rates.
due to stack and wind priesures as well as mechanical ventilation Shaw and Brown (1982) compared air infiltration in identical
airflow razes. One model to compute the total airflow rate is bas- homes, with and without a gas furnace, with a chimney. Figure 4
ed on the rate being proportional to the square root of the prssure shows the effects of e.fltration through the chimney and ceiling
difference, and is given by. with and without the gas furnace, and also the impact of the

am (Q~. +0. Q2)3 (10) chimney on the NPL.

where AIRFLOW THROUGH OPENINGS
Q - infliuation from both wind and stack effect% cft

- infiltration from the wind. fm The relationship between the airflow q through an opening in
- luaflltatuon from the stack effect. eft the building envelope and the pressure difference Ap across it is

Shaw and ikmura (1977) used a computer model that calculates called the leakage funct; n of the opening. The form of the
infiltration in high-rise buildings to develop the following alter- leakage function depencas on the geometry of the opening.
nate espression for the total infiltration: Background material relevant to leakage functions may be found

3(11) in Chapter 2. Hopkins and Hansford (1974), Etheridge (1977).
- 1 + 0.24( ( / m g)" (I1) Kronvall (1980a), and Chastain eg al. (1987).

where Q. and Q,,, are the maximum and minimum of the The fundamental equation for the airflow rate through an open-
wind- and stack-induced infiltration rates, respectively. Equation ing is:
(10) gives a slightly larger estimate of tots" 11ltration than does
Equation (11). Q -C,3 C,&4\2ap (15)

FLOW

OUIU m, O

Fi. Dstibtin f nsde andOtie Presure

Ove tAe INSIDE

FLOW

IN out V IN

Fig. 3 Distribution of Inside 2nd Outside PrOessuresONCOS it
Over the Height of a Building
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where f * , e o if "10.
aft ow MMa cftn~h1IW7

C'0 w discharge coeffcieen for the opening I
A ar ros-sectional area of the Opening, ft- ..-- air density. lb/Ft |--- ---

AP - pressure diffeto acror opening, in. Of water ,•LTRAe*O
C conversion factor ; 776 d ---- ..

The discharge coefcient Cl is a dimensionless number that f.deotvai.l
d owCnds on the opening seometry and the Reynolds number of amqhF.O a,, =the nlow. 0....•. O,""11"Cli

• ~~ACROSSB 901PN~OR WALL. OVIl

Airflow through onstant aTh ducts is well chocterized. At es STACK ACTION.,o

suficiently low o Rerynolds numbers, the fluid velocity varies onlyin the direction perpendicular to the flow, and the flow may be 310_. Mom M_,• o.u.. oo

visualized as many sheets or laminae flowing parallel to the duct &MUMATO N MN M

S waits. Thus. this type of flow is referred to as laminar. In laminar ,igtV,,,A
flow, CDO depends on the square root of the pressure difference; 2" IF 0o UImVIL "
therefore Q is proportional to Ap. At large Reynolds numbers, the I-!'•~e -. , -- ",
now bcmsturbulent. The velocity at a given point fluctuates
rapidly and at random, even if the net flow rate is constant. In tur- J,
bulent flow, the discharge coefficient is constant and therefore the "
flow Q is proportional to V 4. .-ap 0 0, 0* 0

The case of fully developed flow impinging on a hole or oririem
in a thin plate is also described by Equation (15). Again, for a suf- out
Sfldently large value of the Reynolds number, the discharge coef- MFO.m•I

ficient is constant. The value of C0 for an orifice depends on
Reynolds number and the relative areas of the orifice and the duct Fig. 4 Temperature-induced Pressure and Airflow
in which the orifice is placed. Patterns Under Operation of Electric or Gas

This dLcussion of laminar and turbulent flow applies to con- Furnace for at - 50OF
smnt area ducts and orifices in such ducts. The openings in a
building envelope am much less uniform in geometry. Generally, NATURAL VENTILATION FLOW RATES•.. the ",,- neWeT becomes Muly developed., thereby preventing the ap- NTRLVNIAINFO A E

plicability of the simple relations between Q and Ap. Each open- Natural ventilation can effectively control both temperature and
ing in the building envelope can still be described by Equation (15), contaminants, particularly in mild climates. Temperature control
where A is an average cross-sectional area and CDO depends on by natural ventilation is often the only means of providing cool-
opening geometry and the pressure difference across it. Equation ing when mechanical air conditioning is not available. The ar-
(16) is sometimes used instead. rangement. location, and control of ventilation openings should

combine the driving forces of wind and temperature to achieve a
Q -€ (Cp)0 (16) desired ventilation rate and good distribution of ventilation air

S where through the building.
c - now coefficient. cfm/(in. of waterNl
S- flow etponent, dimensionles Natural Ventilation Openings

Equation (16) only aproximiwtes the relationship between Q Natural ventilation openings include: (1) windows, doors.
and Ap. In fact, the values of c and n depend on the range of Ap monitor openings, and skylights; (2) roof ventilators; (3) stacks
over which Equation (16) is applied. Honma (1975) measured Q connecting to registers; and (4) specially designed inlet or outlet
as a function of hp for several simple openings, and the measured openings.
data were fit to Equation (16). The cracks with larger flow Windows transmit iight and provide ventilation when open.
resistances. ia.. greater depths or narrower widths, tended to have They may open by sliding vertically or horizontally; by tilting on
an exponent n closer to I than did gaps with less resistance. For horizontal pivots at or near the center;, or by swinging on pivots
opening in the shell of a building, the value of n depends on the at the top, bottom, or side. The type of pivoting used is important
opening geometry, as well as on entrance and edit effects. for weather protection and airflow rate.

The combination of all the openings in a building's envelope Roof ventilators provide a weatherproof air outlet. Capacity is
produce3 a relationship between pressure difference and airflow determined by the ventilator's location on the roof; the resistance
rate for the whole building and is referred to as the air leakage of the ventilator and its ductwork offer to airflow: its ability to use
the building. kinetic wind energy to induce flow by centrifugal or ejector action;

The air leakage of a building can be measured (as described in and the height of the draft.
the section on air leakage) and is a physical property of the Natural draft or gravity roof ventilators can be stationary,
buildingmvelope that depends-on the envelope design, construc- pivoting, oscillating, or rotating. Selection criteria include rug-
tion, and deterioration over time. A building's air leakage is gedness. corrosion resistance. stormproofing features, dampers
measured by imposing a uniform pressure difference over the en. and operating mechanisms, noise. cost. and maintenance. Natural
tire building envelope and measuring the airflow rate required to ventilators can be supplemented with power-driven supply fans:. maintain this difference. Such a distribution of envelope pressures the motors need only be energized when the natural exhaust
never occurs naturally, but it does provide a useful measure of the capacity is too low. Gravity ventilators can have manual dampers
airtightness of a building. or dampers controlled by thermostat or wind velocity.
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A roof ventilator should be positioned so that it =eeives the PuU whr CC4 CIPA1N)
iamaitricted wind. Turbulence created bysurmurnllng obstruc- -

tions. including higher adjacent buildings, imnpuairs a mntilator's air~c Oi..Cf

mounted to give a highnfow coefficient. The opening araa h v = wind sp'ied, mph
Wnee should be increased if screens, grilies or other srruc-ural C.a &-ffectiveness of opening% (C, is as~surried to be 0.5 to 0.6
members cause flow rsstance. Build~ng air inlets at lower levels for perpendicular winds and 0.25 to 0.35 for
should be larger than the combined throat areas of all roof diagonal winds)
Ventilators. C., unit convrerion foctor -m .

Stacks or vertical flues should be located whom wind =a act
on them from any direction. Without wind, stack effect alone inlets should face directly into the pvýAiiing kvivql. If they ame
removes air froam the room with the inlets, not advantageously placed, flow will be. less than tt&in the equ2-

dion; if unusually wvell-plared, nlow wiI' be sl;-Vr.1y momre Llnirable
flequires notw outlet locations are (1) on the leewvird sid: ,1fth'v buld~n&d!%~i

opposite the inlet, (2) on the moot, in me to-nweisurc areii c~aut'
The ventilation airflow rae required to remove a given amount by a flow discontinuity of the wvind. (:1 ozv w~e side adjacnt to cr

of heat from a building can be calculated fromn Equation (17) if windward face where low-pressure amazs occur, (4) in a monitor,
the quantity of heat to be removed and the indoor-outdoor on the leewar side. (5) in roof vnitila~cors. or (6) by' stacks. Chaptcr
temperature difference are knaown. 14 gives a general description of the wind pressure discribution on

Q-H/co, (i, - (1o) a building. which relates to inlet location.

Wkhft Ylow Caused by Thermal Forces
0 - airflow rate raquired to temovet huat, ce fbid eismc fntsgmcar v l' a~
0 - beat to be mansoed. Rtu/min I uligitra eitnv ýnts~~f~. i liýc-

ep- speific beut of air. bta/lb, *P (about 0.14) e ysakefc a e"pesdb.
e-air density, lba/ftJ (about 0.07'S) S!Ad by tak"fet)n "eprse (19)

ft - to- indoor-outdoor umpaauum difference uF ( =1._KJ§Auh _ý(.

Flow Caused by Wind a - airflow Mra. cfM e
tha afectthe .tiado rae de t wid frce ini~eX - discharge coefficitant for opeinirg

Factorstttafctevniainredet idfre nld Ah.pL - height from lowar opening to NP'
average speed. prevailing direction, seasonal and daily variation "i'-- *

in spseed and direction, and local obstructions such as nemtsby Euto 1)apiswe >,, f~<:, pae4i
buildings, hills trees, Lad shrubbery.Eqain(9aplewhnt>tf< *lcerinýe

Wind speeds are usually lower in summer than in winter; direc- denominator with to. and repiace (t, - to) in the numnerator witn
tional frequency is also a function of season. There are relatively (to - ti). If the building has more than one opening, the outle'
few places where speed falls below half the average for more than and inlet areas are. considered equal. The discharge coefficient 9~~
a few hours a month. Therefore, natural ventilation systems are accounts for all viscous effects such as surface drag and interfacial
often designed for wind speeds of one-half the seasonal average- mixing

Eqation (18) shows the quantityofair forced through ventilation Calculitting &h.pL is difficult. If one window or door repre-
inlet openings by wind or determines the proper size of openings sents a large fraction (approximately 9041) of the total opening
to produce given airflow rate: are in the envelope. the NPL is at the midheight of that aperture

-andAh,4p( eqalsto one-half its height- For this condition, flow
through the opening is bidirectional. Lt, air from the warmer side
flows through the top of the opening. and air from the colder tide
flows through the bottom. Interfacial mixing occurs across the

-. - - . -- - - -counterfiow interface. and the orifice coefficient =an be calculated

30 ~ ~~~~~~~according to, .0+002 t J(0

- .- - - - -If enough other openings are available. the airflow through the
opening will be unidirectional and mixing cannot occur. A

- - - -discharge coefficient ofl- 0.65 should then be used. Additional
20 information on stack-driven airflows for natural ventilation can

- -- - - -- be found in Foster and Down (1987).I Greatest flow per unit area of openings is obtained when inlets
110 -- - - -and outlets are equal; Equations (18) and (19) are based on this

equality. Increasing the outlet area over inlet area. or vi ce versa.
- -~ ~ ~ 1 -- increases airflow but not in proportion to the added area. When

openings are unequal, .mise the smaller area in the eq1ations and
a - -I- - add the increase, as determined from Figure S.

TI~oOF OUTW~ TO INLE On V"V Natural Ventilation Guidelines

Fig. 5 lacresue In Flow Caused by Excess Several general guidelines should be observed in designing for
of One Opoming Over Anotber natural ventilation. Some of these may conflict with other climate-
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.emponsive au3tur ies (stch as orientation and shading devices to The greater the air leakage of a building, the greater its infiltra-
•niniizz *olar gtin) or 4Ahm- desian considerations. tion rptc. ell else (-weather, exposure, and building geometry) be-

I ) in hot,, hunrid cliAtes, maxzuizm air velocities in tbe occupied ing eq,,Al.
zones for bodily cooling. In hot, arid climates, maximize Infiltration may be reduced either by reducing the surface
aarf•-w thro•ughouth.ch building for structural cooling, par- pressure* driving the flow, or reducing the air leakage of the shell.
ticularly ac night whten temperatures are low. Surface pressures causetd by the wind can be reduced by changing

rl)' ?Lke advantge of topography, landscaping, and surrounding the landscaping in the vicinity of the building (Mattingly and
buildinr, to redirect airflow and give maximum exposure to Feters 1977). Stack pressures can te reduced by increasing the
bmreezt Usc vegetation to furuel b-eezes and avoid wind dams. airflow resLs,:ance between floors and from floors to any vertical
which rcduce the driving pressure differential around the shafts wihin the bu-'ding, although this is almost exclusively an
building. Site object should not obstruct inlet openin&s. issue in tall buildings.

(3) 3hapeahe bWdin;wtopose maxiinum surfacearca to breezes. The infiltration rate of an individual building depends on
(4) Use iu, czmi r:aci ements such as winswalls, parapets, and weather conditions, equipment operation. and occupant activities.

ovte•,ngs to ptemote airflow into the building interior. The rate can vary by a factor of five from weather effects alone
(5) The long facade of itie building and the majority of the door (Malik 1973). When associating a building with an in filtration

acid window openings sho'ld be oriented with respect to the rate, it is important to provide the corresponding weather condi-
pruviling summer brezes. If thee is no prevailing direction, tions and equipment status, or to describe it as a seasonal or an-
opmings should be sufficient to provide ventilation regardless nual average.
of wind direction. lypical infiltration values in housing in North America vary by

(6) Windows should be lo=nted in opposing pressure zones. Two a factor of about ten, from tight housing with seasonal average
openings on opposite sides of a space increase the ventilation air change rates of about 0.2 per hour to housing with air exchange
fIev. Openings on adjacent sides force air wo change direction, ratte as great as 2.0 per hour. Figures 6 and 7 show histograms of
providing ventilation to a oester area. The benefits of the win-
dow arrangement depend on the outlet location relative to the
direction of the inlet airstream. 45

(7) If a room hus only one external wall, better airflow is achieved
with two widely spaced windows.

(8) If the openings are at the same level and near the ceiling, much 35
of the flow may bypass the occupied level and be ineffective in
diluting contaminants therm. 30

(9) The stack effect requires vertical distance between openings to " 25 1
take advantage of the stack effect; the greater the vertical
distance, the greater the ventilation. 20

(10) Openings in the vicinitycf the NPL ae least effective for ther- 1 .
mally induced ventilation. If the building has only one open-
ing, the NPL tends to move to that level, which reduces the 10
pressure across the opening. 5

(11) Greatest flow per unit area of total opening is obtained by inlet I
and outlet openings of nearly equal areas. An inlet window 0 .. .-

smaller that the outlet creates higher inlet velocities. An outlet 0 .5 1 1.5 2 2.5 3 3.s

smaller than the inlet creates lower but more uniform air speed Infiltration Rates (ach)

through the roem. Fig. 6 Histogram of Infiltration Values-
(12) Openings with areas much larger than calculated are New Construction

sometimes desirable when anticipating increased occupancy
or very hot weather.

(13) Horizontal windows are generally better than square or ver-
tical windows. They produce more airflow over a wider range
of wind directions and are most beneficial in locations where 40
prevailing wind patterns shift.

(14) Window openings should be accessible to and operable by 35
occupants. 30

(15) Inlet openings should not be obstructed by indoor partitions
Partitions can be placed to split and redirect airflow, but should _ 25
not restrict flow between the building's inlets and outlets. 20

(16) Vertical airshafts or open staircases can be used to increase
and take advantage of stack effects. However, enclosed stair- 15

cases intended for evacuation during a fire should not be used 10
for ventilation.

INFILTRATION 5
Although the terms infiltration and air leakage are sometimes 0 0 .5 - .A 2 2.5 3 3.5

used synonymously, they are different, though related, quantities. Infiltration Rates (ch)
Infiltration is the rate of uncontrolled air exchange through
unintentional openings that occurs under given conditions, while Fig. 7 Histogram of Infiltration Values-
air leakage is a measure of the airtightness of the building shell. Low-Income Housing
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infiltraon razes measured in two different samples of North Decay
American housing (Gdmsrud et a. 1982. Grot and Clark 1979).
Figurc 6 shows the ,mage seasonal Infiltration of 312 houses The simplest tracer gas measurement technique is the decay
loated In different armu in North America. The median in'fltra. method, which is a standardized procedure (AST.M 1983). In the
don value of this sample is 0L air amngs per hour (ach). Figure decay method, a small amount of tracer gas is injected into the
7 mpUMmls MesuNenC in 266 houses located Ui 16 cries in the space and is allowed to mLx with the interior air. After the injec-
United Suim. The median value of this sample is 0.90 ach. The tion, F - 0 and the solution to Equation (21) is:
3=9pofhbmsecutmned.ntheFqrm'e6sampleisbiasedto ud c6) -tow-r (d)
mwnew y-efrcazhousr, while the group inL F re 7 represents
okkdr. Io ncome houstngin the United Stems While these donot where c, is the concentration at6 - 0.
mpmmnt random samples of North American housing, they in. Equation (22) is Snerally used to solve for ! by measuring the
dicam the distribution of infllmttlon rates etpected in a group of tracer gas concentmtion periodically during the decay and fitting
buildings. the data to the log form of Equation ('2):

The infiltration valur listed am appropriate for unoccupied nc(S) - Inc, - M (23)
structures. Although occupancy influences have not been
measured dirtly, Desrochers and Scott (1985) estimate ti• add As with all tracer gas techniques, the tracer gas decay method
an sverage of 0.10 to 0.15 auh to unoccupied vaues. has advantages and disadvantages. 'he advantages include the

Orot and Persily (1986) found eightrcently costrum.led office fact that Equation (2-) is an etarc solution to the uaccr Bas niass
buidings had Infiltration rat ranging honm 0.1 to 0.6 air changes balance equation. Also, becaus, logarithms of conceatration are
per hour with no outdoor air intaae. The infltraion .rates of these taken, only relative concentrations are needed, which can simplify
buildings •nthibited varying degrees of weathetr depandence. the calibration of the concentration-measuring equipment. Final-

senerally much lower than that measured in houses. ly, the tracer gas injection rate need not be measured, although it
must be controlled so that the tiacer gas concentrations are within

AMR LXCRAINGE IMEUREMFY the range of the concenranaon-mn uuing device. The concentrauion-
measuring equipment can be located on site. or building samples

The only reliable way to determine the air cclmge -ate of a can be collected in suitable containers and analyzed elsewhere.
building is to measure it. Several acer gS meaurement pro- The most serious problem with the decay technique ii imperfect
cedwes •dst, all invoiving an inert or nonrntctive ps sed to ilal mixing of the tracer gas with the interior air. both at initial injec.
the indoor air (Hunt 1960, Sherman atal. 1980, Manre et at. 1931, tion and during the decay. Equations (21) and (22) employ the
L •agu and Persily 195. Persily 1988). The tv= it released int assumption that the tracer gas concentration within the building
the building in a specified manmer, and the coacentrtion of the is uniform. If the tracer is not well mixed, this assumption is not
nicer within the building is monitored an Mied to the building's appropriate and the determination of ! will be subject to errors.
air eachange rate. A variety of tracer gases, and anociated con- It is difficult to estimate the magnitude of the errors due to poor
centraton detection devices, have been used. Desirable qualities mixing, and Uittle analysis of this problem has been done.
of a tracer gas are detectability, nonreactivity, nontoxicity, and
relatively low concentration in ambient air (Hunt 1980). Constant Concentration

All tacer gas measurement techniques are based on a mass
balance of the ae gas within the building. Assuming the out- In the constant concentration technique, the tracer gas injec.
door concentration is zem this mass balance takes the form: tion rate is adjusted to maintain a constant concentration within

the building. If the concentration is truly constant, then Equation

VhowKde/aV) - F(O) - Q(O)€(O) (2 (21) reduces to:
V - volume of eing , • Q(9) - F(6) /bc (24)

c(l) - tUar gas concentration at time 0 Them is less experience with this technique than with the decay
dc./d a time race 2f change of concentration, rnu procedure, but several applications do exist (Kumar ea aL. 1979,

PM) - traer gas injection rae at tume 8, cfm Coilet 1981, Bohac er al. 19835).
Q(t) - airflow rate out of tie builing at time, .crm

0 -dmrain Because the tracer gas injection is continuous, it requires no in-
itial mixing period. Another advantage is that the tracer concen-

In Equation (21) density differences between indoor and out- tration in each zone of the building can be separately controlled
door air are generally ignored; therefore Q also rfers to the airflow by injecting into each zone; thns. the amount of outdoor air flow-
rate into the building. While Q is often referred to as the inf~ltra- ing into each zone can be determined. This procedure has the
tion rate, any measurement includes both mechanical and natural disadvantage of requiring the measurement of absolute tracer con-
ventilation in addition to envelope infitration. The ratio of the centrations and injection rates. Also, imperfect mixing of the
air exchange rate Q to the volume being tested V has units of tracer and the interior air causes a delay in the response of the con-
volume/time (often converted to ach) and is called the air change centration to changes in the injection rate. This delay in concen-
rate I. tration response, makes it impossible to keep the concentration

Equation (21) is based on the assumption that airflow out of the constant, and therefore Equation (24) is only an approximation.
building is the dominant process removing the trac gas from the The magnitude of these errors have not been well examined.
space, &., the tracer gas does not react chemically within the space
and is not absorbed onto interior surfaces. It is also based on the Constant Injection
assumption that the tracer gas concentration within the building
can be represented by a single value, .L., the tracer gas concentra- In the constant injection procedure, the tracer is injected at a
tion is uniform within the space. Three different tracer gas pro- constant rate and the solution to Equation (21) becomes:
cedures are used to measu.re air exchange rates: (1) decay, (2) con-
stant concentration, and (3) constant injection. c(O) - (F/q)(1 - e1 ) (25)
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After suurnciert time, the tamns~erit term reduce% to UMo the con ference across the building shell (COSS 1986, ASMhI 1987). -he
cUIIISIion attains r@lluilbritsun. and Equation (25) reduces to: airflow required to maititain 9iis pressure diffemrece is then

*F/c (26) measured. The leakirr the building, the mrore airflow is necessaryWt induce a specific indoor-outdocut 1,ressure. differerre.c The
This relation Is valid only when the air exchange rate is cons- airflow rate is jenerally measured at a uis~r.- of pressuire diffcrrgnces

tang thus this technique is approprate for systems at or near ranging from about 0.04 to 0.30 in. 0" water.
equilbrium. )it Is particularly useful in spaces with mechanical The resuliLs of a pre.nurization tesL. @~tostbe. cott:st. of tvcralI
ventilation or wit% high air etchange rates. Constant injiurtinn re. combinations ol' pressure differeim: and ai-flow race. Ar. tmam-
quixes the measurement of absolute concenrantions and injection pie of typical datA is shown in Figure 8. These data poin~i
Mots. characterize the air leaikage of a buildling and are generally con-

Dlemzetal. (1986) introduced a spenlal case of the constant wn- versed to a single value that 3ervps as a mewsure of the building's
jection technique. Ttds technique uses permeation tubes as a tracer air-tightness. Theme are several differen~t measu~res rif airtightness,
gax soutme The tubes reease the tracer at an ideally constart: rate and most of them involve fitting the data to a c~urve in the for
into the building being tested. A sampling tube packed with an ad- of Equatirin (16), Le., Q a cVp. The airtightness ratings are bus-
sorbient co~laccs the tracer from the interior air at a constant rate ed an airflow rates predicted at particular reference pressures bv
by diffusior. After amsmpling period !)f one week or more thi: Equation 16. The basic differenicc bctwern the different air-
sampler istereoved and analyzed to determine the average tracer tightness ratings is the 1ralue ni'the reference pressure.
gPs concentraton withtin the building during the sampling period. In some cases, the predicted airflow rate Is 4;orverted to an

Solv..g Equation (21) for c and taking the time average gives equivalent or effectivc icakage area bý rearranging Equationi 0 5)
V I iato the following forma:

<c F- > (27) L-Cq(Q2p,) 5 / 0 ()

where < .. . > doictes time average. (Note that the time average where
of dc/dS is assumed to equa zero.) L - equivale rn e, ffectiv lekg ra in~

Equation (n7 shows that the average tracer concentration and Ax- reference presure difference, in. or water
fthinjection ramcan be used to calcuLaetheaverage of the invere q, predicted airflow rate atAp, (from a curve fit to itne

air ecizange raze.- The average of the inverse is lesu, than the actual pressurization test data), cim
average with the magnitude of this difference diepending on the Co - discharge coefficient
distribution of air exchange rates during the measurement period. Co - unit conversion factor -0. 186
Sherman and Wilson (1986) calculated these differences to be
about 20% for one-mouth averaging periods. Differences greater
than 306% have been measured when there were large changes in______ _______.aireadicangemrte due to occupant airing of houses; errors from T I

0 5 to 30% were measured when the variation was due to weather0
effects (Bohac et al. 1987). Longer averaging periods and large 2000
changes in air exchange rates during the measurement periods
generally lead to larger differences between the average inverse ex- 1500change rate and the actual average raze.

AIR LEAKAGE 1000
The air leakage of a building cha~racterizes the relationship Oet. r=

ween the pressure difference across the building envelope and the 'S 500
airflow rate through the envelope. Building air leakage is a physical -
property of a building and is determined by its design. construc- 3:______ _______

don. seasonal effects, and deterioration over time. Although air- 00
tightness is just one factor in determining the air exchange rate of _J
a building, it is useful for comparing buildings to one another or W
to airtightness standards, for evaluating design and construction a:-0
quality, and for studying the effectiveness of air-tightening AC
retrofits. No simple relationship exists between a building's air -1000 0
leakage and its air exchange raze, but calculation methods do exist
(sec Calculating Air Ex'change). -1500

Measurement
-2000

While tracer gas measurement procedures provide building air
exchange razes, they ame somewhat expensive and time-consuming. I I
In many casm it is sufficient, or preferable, to measure the air -0.3 -0.2 -0.1 0 0.1 0.2 0.3
leakage of a building with pressurization testing (Stricker 1975,
ihinura 1975, KronvaUl 1978, Blomnsterberg and Harrje 1979). Fan PRESSURE, in. H 20
presurization is relatively quick and inexpensive and characteis.building envelope airtightness independent of weather conditions.
In this procedure a large fan or blower is mnountcd in a .locr or Fig. 9 Airflow Rate Versus Pressure Dirference Data
window and induces a large and roughly uniform pressure dif- from a Whole House Pressurixation Test
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RY 4WCUiSItIL0j . 4l the OPeriaps in the bvilding shell in corn- the implications for quantifying airtighrne assmr discussed in Per-
bwixd inLO an overal aopenin am and discharge coctlicie~n for sily and CGrot (1995b).

thl buildint. SOVAQ USMr of thie leakrage area aipproaRch set the Some common airdghaness taxinos include the eflective leak-age
4ischarg. cot'ficierar equal to 1. Others smC CD 10.6, i.-, the area at 0.016 inl. of ivater assuIImin CO, - 1.0 (Slierrnsn and
disc! cauoff1clent for u skarp-iilgv1 orifice. The "ekale ame Onrisrud 1980). the equivalent leakacag aiva at 0.04 in. of wsccec
of a buldling is tharefore tho w=t of an orifice (with an, assumed assuming Cr - Q.611 (COSB 19861; and the airflow rate at 0_10

4iuof CO) dM *w dpr duce be same amount *ýleakage as in. of water. divided by the buildinag volume tc~ giv units of air
the buildng taveIOpe at thle referenlce pressure changes per hour (Blom~terbewg and Ha-jari 1979),

Whether An alrtlghtness rating based on leakage area or a Leakage areas at urie reference pressure can be convenred to
Puedkmid sarfiw tam is us&L etherI quantity fs Oieniizly normaliz- leakage arews at some other reftrence presure %ccording to-
ed by some ftmrr to accunt for building siza. These normalira-f-I(O Ia:)A A Ir04 29
don fcors incluidefloor amreat~e iora arteopeares. and building Lrj(,/C ) 1 ' ()

With the widet vaitty of M. ijivabl4Troaches to normahiirain L, leakige area at refennere pressure 4p,. i5 n-'
and refemece, pressiur, and t.he use of the (ickage' area coicept, L,~ l eakAge azat, at reference pressurea. in,
W3ZIY difflearern airrij-hwess ratings awe being used. Reference ca; . discharp coctfcient used to cacuLate L,
presswediffehnmcesin use include 0.016, 0.04.0OdO, 0.20, and 0.30 Mt aIC~U flo etp reiru cdOcaclt4.
In. of water. Reference ipresure of 0.016 and 0.04 it. of water are -fowepitL

adv** ted betvused Iamyx closer to the pressures chat acually in-, A leakage area at one refercrnce prcssure can be converted to an~
duce air ~a~ain WhA'le this may be true, they ane outside the airflow vare at ýomc other reference pressure according EQ.'
runga Of measured Wauas in the test: therefore thme predicted q.aC, Cr, L,, (2/0'i~ (AP, I)P0  (&p, 30
uflCev'~vv, The un~certainty in thase ptedicted airflow rauts and whr

airflowv rate at m'ference Pretsure AV, ., r-fm
4"leakage area at reference,, 'ressume in-,

CO. discharge evefficient used to c;AlcuLataL
C,7 mrmnvrsion factor - 5.39

Finally, one may convert a letakage area to a flow coeffic~ient in
Equation (16) according to:

Cat C7C0  r.I..C")03 v%,J/ (31)

Defterag %pne *MM am C f low coefficient. cfm / (in. of wv~mr)
M (ischare Coeflent used to m culcute L

40nuC. L- aaka area ar. vferenc pressure Ap.
"ui-000' v convewsion favtor - JS.I

IF~quations (29) through (3 1) require teasmt-no au
~~ ~ofa.nw lss at is reporied with the measurmesnet rzuhts. When, tit-

J. tins p-e~suizuation test dsta tor~auavia~ri (16), the valkue of nt

r~nerally lies het'aten 0.6 and 0.7. Therefort. uiin6g a vvý uc af n
fan pressurir~aion mecasurei a properry of 2 building that

-- 'M ' ideally vrines little with time anid weaither canditions. In reality,
unless the win6 and temperature difivererce during the mItasur.
meat period ame sufriciently nild, the Pressure dlffarwctr they in-

40 kw-w c~Ia duce during the twit will intefter with the tes prcssuivs and catscii. ~of the effects of -wind speed on prns3urizatien test rrsults. Sewerll
It experimental studies Wi~vc a!so shown votiaauons on the order of
3" ~20 to 40% over a year in the minesured &irtighw=es in homes (Per-

9? dutch NR 5a ~ sily 1982. Kim and Shaw 1916, Warrn andI Wbb 11986).
Figure 9 shows several pressOri.aion test resiuls for residential

6 ~buildings (Persily 1986). These resuts are iti units of air changes
per hour at 0.20 in. of water, and show titi wide range in ait-

~ ~ -- tightness among houses, even housei of identical design. The
Z af Ow" s ca"OMAým passive solar 2nd energy-efficient data also show that houses that

Si.- might be expected to be relatively airtight are r&OL necessarily that
OA OW -M% on jN tight. The houses in Sweden-which have a residential building/

I airtightness standard of gair changes per hour at 0.20 inowae/0
I * . J for single-family detached houses (Swedish Building Code

0 10 20 30 40 60 1980)-are exrceptionally tight, as awe the houses in Canada.
AiR LEAKAGE AT 1J2 in. H 20 (House vOhume* I hourt) ASHRAE Standard 119 (1988) establishes air leakage perfor-

mance levels for residential buildings These leves are in terms of
Fig. 9 Comparison of Pressurizations Test Riestilts Ithe normalized leak.age L,:I
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L, - C1 (LIA) (H/H)0 -3  (32) Table 2 Leakaige Classes

Range of Normalized L.akate L-mkaqe Class

L- effective leakage are at 0.016 in. of water (C7 a 1.0). in.! L,<0.10 A
A - floor arm, ftW 0.104L.A<0.14 B
H - building height, ft 0.144L,,<0.20 C

f. ,- mfeanuce height of oae-story building w A ft 0.204 L,, < 0.28 D
Cs, -onveion factor - 6.94 0.2S4( L.<0.40 E

0.4-•L,,<0.57 F0.$74 L.<0.3C a"lhble 2 presents the leakage clsses of Standard 119. The values 0.50 4 L. < !.13 H

of L-, in this table correspond appmximately to building air ex- 1.13 A L, < 1.60 1
change rates in units of air changes per hour. The standard 1.604L, J
specifies appropriate leakage classes for a building based on
climate.

Persily and Grot (198;) ran whole building pressurization tests
in large office buildings, which showed pressurization airflow rate compressing the weatherstrip (casements, awnings) show sig-
divided by the building volume is relatively low compared to that nificantly lower leakage than windows with siiding seals.
of houses. However, if these airflow rates are normalized by Fireplaces (0 to 3007a 12;). When a fireplace is not in us-. poor.
building envelope area instead of by volume, the results indicate fitting dampers allow air to escape. Glass doors reduce excess air
envelope airtighrness levels similar to typical Americm'n houses. while a fire is burning but rarely seal the Zireplace structure more

tightly than a closed damper does. Chimney caps or fireplace plugs
Air Lekage of Building Components with telltale signs that warn they are in place effectively reduce

leakage through a cold fireplace.
The fan pressurization procedure discussed earlier enables the Vents in Conditioned Spaces (2 to 12%: 5%). Vents in condi-
easurmment of whole building air leakage. The location and size tioned spaces frequently have no dampers or dampers that do not

•,.'individual openings in building envelopes arc extremely impor- close properly.
mant, as they influence the air infiltration rate of a building as well Diffusion Through Walls (<Io). Diffusion, in comparison to

as the heat and moisture transfer characteristics of the envelope, infiltration through holes and other openings in the structure, is
-- Additional test procedures aust for pressure testiug individual not an important flow mechanism. Typical values for the"building components such as windows, waills, and doors; they arc permeability of building materials at 0.02 in. of water (a relativelydiscussed in ASTM Standards E283 and E783 for laboratory and large pressure for infiltration) produce an air exchange rate of less

field tests, respectively. The following sections discuss comporient than 0.01 air changes per hour by wall diffusion in a typical house.
r leakage in both residential and commercial buildings. Component Leakage Areas. Table 3 shows effective leakage

areas for a variety of residential building components at 0.016 in.
Leakage Ditribution in Residential Buildings of water with a CD assumed equal to I (Reinhold and Sondereg-

get 1983). These leakage areas are normalized by the length or areaappropriate to the component, and may be converted to leakag:
air leakage of individual building components and systems. The areas at other reference pressures, airflow rates, or flow coeffi-
following points summarize the percentages of whole building cients using Equations (29) through (31).
leakage aasociated with various component, and systems. The
values in parentheses include the range determined for each com- Commercial Building Envelope LeA2kage
ponent, and the mean of the range.

Wa& (18 to 5087; 35%). Both interior and exterior walls con- The building envelopes of targe commercial buildings are often
tribute to the leakage of the structure. Leakage between the sill thought to be quite airtight. The National Association of Archi-
plate and the foundation, cracks below the bottom of the gypsum tectural Metal Manufacturers specifies a maximum leakage per
wall board, electrical outlets, plumbing penetrations, and leaks unit of exterior wall area of 0.060 cfm/ft2 at a pressure difference
into the attic at the top plates of walls all ocmur. Since interior walls of 0.30 in. of water exclusive of leakage through operable windows.
are not tilled with insulation, open paths connecting these walls Tamura and Shaw (1976a) found that air leakage measurements
and the attic permit the walls to behave like heat exchanger fins in eight Canadian office buildings with sealed windows, assum-
within the conditioned living space of the house. ing a flow exponent of 0.65 in Equation (16), ranges from 0.120

Ceiling Details (3 to 30%; 18%). Leakage across the top ceil- to 0.480 cfm/ft2. Other measurements taken by Persily and Grot
ing of the heated space is particularly insidious because it reduces (1986) in eight U.S. office buildings ranged from 0.213 to 1.028
the effectiveness of insulation on the attic floor and contributes cfm/ft at 0.30 in. of water. Therefore. office building envelopes
to infiltration heat loss. Ceiling leakage also reduces the efi7ective- are leakier than expected. Typical air leakage values per unit wall
ness of ceiling insulation in buildings without attics. Recessed area at 0.30 in. of water are 0.10, 0.30, and 0.60 cfm/ft2 for tight,
lighting, plumbing, and electrical penetrations leading to the attic average, and leaky walls respectively (Tamura and Shaw 1976a).
are some particular areas of connerit.

*" Heating System (3 to 28%; 18%). The location of the furnace Air Leakage Through Internal Parttions
or ductwork in conditioned or unconditioned spaces, the venting
arrangement of a fuel-burning device, and the existence and loca- In large buildings, the air leakage assaciated with internal parti-
tion of a combustion air supply all affect leakage. tions becomes very important. Elevator, stair, and service shaft

Windows ý,nd Doors (6 to 22%; 15%). More variation is seen walls, floors, and other interior partitions are the major separa-
* in window leakage among window typLs (ez., casement versus tions of concern in these buildings. Their leakage characteristics

double-hung) than among new windows of the same type from are needed to determine infiltration through exterior walls and
different manufacturers (Weidt eral. 1979). Windows that seal by airflow patterns within a building. These internal resistances are
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als0 important In the event of a fire to predlct smoke movement average crack width around the door. The leakage areas associated
patterns and evaluate smoke control systems. with other openings within commercial buildings are also impor.

Table 4 gives leakage ares (calculated at 0.30 in. of water with tant for air movement calculations. These include interior doors
Co - 0.65) for different internal partitions of commercial and partitions, suspended ceilings in buildings where the space
buildings (IMote and Fothergill 1983). Figure 10 shows examples above the ceiling is used in the air distribution system, and other
of measuran air leakage rates of elevator shaft walls (Tanum and components of the air distribution system.
Shaw 1986b), the type of data used to derive the values in "able
4. Chapter S3 of the 1987 HVAC Volume also discusses these Air Leakage Through Exterior Doors
issues.

ILekags openings at the top of elevator shafts are equvalent to Door infiltration depends on the type of door, room, and
orifice areas of 620 to 1550 in2 . Air leakage rates through stair building. In residences and small buildings where doors are used
shaft and elevator doors are shown in Figure 11 as a function of infrequently, the air e-xchange associated with a door can be

Table 3 Effective L1kage .A.Ara of Building Components '0.016 in. of water)
amt Best

Component estimate Max Mln Component estimate Max Min

SILL FOUNDATION - WALL DOMESTIC HOT WATER SYSTEMS
Caulked. ins/ft of perimeter 0.04 0.06 0.02 Gas Water Heater (only if in
Not caulked. inz/ft of perimeter 0.19 0.19 0.05 conditioned space). in:! 3.1 3.9 .32=

JOINTS BETWEEN CEILING AND WALLS ELECTRIC OUTLETS AND LIGHT FIXTURES
Joints, in:/ft of wan 0.07 0.12 0.02 Electric Outlets and Switches
(only if not taped or plastered Gasketed, in! per outlet and switch 0 0 0
and no vapor barrier) Not gasketed. in! per outlet and switch 0.076 0.16 0

WINDOWS Recessed Light Fixtures. in2 per fixture 1.6 3.10 1.6
Casement PIPE AND DUCT PENETRATIONS THROUGH ENVELOPE.sheeriped, in:/ft of window 0.011 0.017 0.006 pipes

Not wethemipped. inz/ftz of window 0.023 0.034 0.011 Caulked or soled. iný pM pipe 0.155 0.31 0
Awning Not caulked or saled. in- per pipe ->w 1.55 0.31WuaLberstipped. Wn/ft2 of window 0.011 0.017 0.006 Ducts

Not -wahmpped. 1n:/ftz of window 0.023 0.034 0.011 Sealed or with continuous vapor barrier,
Single Hung per duct 0.5 0.25 0

Weaterstripped, ini/frz of window 0.032 0.042 0.026 Unsealed and without vapor barrier, in2
Not weatherstripped. ir t/ft of window 0.063 0.083 0.052 per duct 3.7 3.7 2.2

Double Hung
Watherstripped. in:/ft of window 0.043 0.063 0.023 FIREPLACE
Not weatherstripped. in:I/fF of window 0.086 0.126 0.066. Without Insert

Single Simde Damper closed. in- per fireplace 10.7 13.0 33.4
Weatherstripped. inl/ft , of window 0.02W 0.039 0.013 Dampe open, in-per fireplace 34.0 59.0 50.0
Not weatherstripped. ln/ftr of window 0.052 0.077 0.026 With tIn5.er0

Double Slider Damper cosed. int pe fineiaca 5.6 7.1 4.03
Weaherstripped, in'/ftl of window 0.037 0.054 0.02 Damper open or absent, in- per fireplace 10.0 14 6.2
Not weaherstipped, in:/ftl of window 0.074 0.011 0.04 EXHAUST FANS

DOORS Kitchen Fan
Single Door Damper closed. in2 per fan 0.775 1.1 0.47

Weatherstripped. int/frt of door 0.114 0.215 0.043 Damper open, in" per fan 6.0 6.5 5.6
Not weathersripped. in2/ft2 of door 0.157 0.243 0.086 Bathroom Fan

Double Door Damper closed. inr per fan 1.7 1.9 1.6
Weatherstripped. in2/ftt of door 0.114 0.215 0.043 Damper open. in- per fan 3.1 3.4 2.8
Not watherstipped. in:/fz of door 0.16 0.32 0.1 Dryer Vent

Access to Atice or Crawi Space Damper dosed, in- per vent 0.47 0.9 0
Weatbestrippnd, in4 per Lmss 2 2.8 1.2 Heating Ducts and Furnace - Forced Air System
Not uweetmsuipped. W2 per accem 4.6 4.6 1.6 DUCTWORK

WALL - WINDOW FRAME (only if in unconditioned space)
Wood Faoae f Joints taped or caulked. in. per house it 1 3

Caulked. in2/ft2 of window 0.004 0.007 0.004 Joints not taped or caulked, in- per house 22 22 11
No caulking, in2/ft of window 0.024 0.039 0.022

Masonry Wall FURNACE
Caulked. ini/ftl of window 0.019 0.03 0.016 (only if in conditioned space)
No caulking. in2/ft2 of window 0.093 0.15 0.012 Soaled combustion furnam in. p furnace 0 0 0

WALL - DOOR FRAME Retention head burner furnace, in-
Wood %Wl per furnace 5 6.4 3.1

Caulked. i/ft of door 0.004 0.004 0.00N Retention head plus stack damper, in
No caulking in2/ft2 of door 0.024 0.04 0.0 per furnace 13.7 4.6 2.8Masonry Wal f Furnace with stack damper. in per furnace 4.6 6.2 3.1

Caulked, in:/ft2 of door 0.0143 0.0143 0.004 AIR CONDITIONER
No caulking, in2/f ti of door 0.072 0.072 0.024 Wall or window unit. in- per unit 3.7 5.6 0
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Table 4 LeAkage Areas for Internal Partitions in a material stronger than plastic film and are more likely to withs-
Commercial Buildings tand damage during construction. Sealing the wall against air

w Ar leakage at the exterior of the insulation also cuts down on conve.-

Element Tightness Ratio tive currents within the wall cavity, allowing insulation to retain
more of its effectiveness.

STAIRWELL Tight 0.14 x 10-" Existing Buildings
WALLS Average 0.41 x 10l3

Loose 0.3 X 10-1 The air-leakage sites must first be located to tighten the envelope

of an existing building. As discussed earlier, air leakage in
ELEVATOR TSight 0.38 x 10-" buildings is due not only to windows and doors, but to a wideSHAFT WALLS Averalge 0.84 x I0 -]

Loose 0.18 x 10-2

FLOORS Average 0.!' x 10 to ' tiiYoR I...."
KtOS 3,) --. T..N.&-h,, to"Ct-'it

A a lakae am A wa, l a Af a Roar am NO$ .7 * CCC9S"-NTNA C C*RgTE, INCZP?

ni CAST.--.I-,..Cg :eONCRICC.9cg.,g yy we %lot OF -ONCRITIg BLOCK

estimated based on air leakage through cracks between the door "a CoONtU9 ,LOC4
and the frame. A frequently opened single door, as in a small retail - C.,, 7114 @LOCI

store. has a much large amoun. of airflow. An ASH RAE researchprogram provided dama on air leakage characteristics of swinging .,,. •

door entrances (Min 1958, Ibmura and Wilson 1966 and 1967a)
and revolving doors (Schutrmm et al. 1961). A design chart (Min L /,
1961) based on this rcport (Schutrum etal. 1961) evaluates infiltra- /
tion through manual and power-operated revolving doors. No I, ,

CONTROLLING AIR LEAKAGE

New Buildings/

It is much easier to build a tight building than to tighten an ex-
isting building. Elmromh and Levin (1983), Eyre and Jennings
(1983), and Marbek (19F4) provide information and construction

e ails on airtight building design for houses. However, little cor-
ponding information is available for commercial buildings. KOS----

A continuous air infiltration barrier is one of the most effec- L p

tive merns of reducing air leakage through walls, around window 0 am a" 00 040 to O 0o0 INC9OP.Y0,-TC,
and door frames, and at joints between major building elements. ,1310 D.vFtmwCE ACROSS $map? WA.L
The air infiltration barrier can be installed on the inside of the wall
framing, in which case it also usually functions as a vapor retarder, Fig. 10 Air-Leakage Rates of Elevator Shaft Walis
or on the outside of the wall framing, in which case it should have F
a permeance rating high enough to permit diffusion of water OFPLoW oYKrtss~j,, OSPPINCN aoSt 0Q30 IHFA
vapor from the wall. For a discussion of moisture transfer in FOR OT"CR aP. WuLtIP.Lt LE.AKAGE KATE BY
building envelopes, see Chapters 20 and 21. i&P/oJ01o

5 5

When the air infiltration barrier is also a continuous plastic film PO PORTI ON STO ,AL C us LE•H Rat N

vapor retarder, particular care must be taken to ensure its continui- oo
ty at all wall, floor, and ceiling joints; at window and door frames;
and at all penetrations of the air-vapor barrier, such as electrical L9V*TO It00P 3o..3 FT To FT)

outlets and switches, plumbing connections, and utility service ioo

penetrations. Joints in the air-vapor barrier must be lapped and 9
sealed. Plastic vapor retarders installed in the ceiling should be
tightly sealed with the vapor retarder in the outside walls and con- 6 am
tinuous over the partition walls. A seal at the top of the partition 3ost"f oo (t0 V IV t0P?)
wails prevents leakage into the attic; a plate on top of the studs !
"generally gives a poor seal. 0cc

A continuous air-infiltration barrier installed on the outside ofwall framing can eliminate many difficult construction details A G CRACK W IDT H - OAV E O F
associated with the installation of continuous air-vapor barriers. 11/1Csuni,€o rs oN Foug sices

Interior air-vapor barriers must be lapped and sealed at electrical
outlets and switches, at joints between walls and floors and joints 0 A,.
between walls and ceilings, and at plumbing connections 0 a0c Q2o 030 Q40 o_0 INCHEs
penetrating the wall's interior finish. The exterior air-infiltration AVERAGE CRACK WOOTH BETWEEN 0000t ANO ooo0 PFRA

barrier can cover these problem areas with a continuous materi'l.
Joints in the air-infiltration barrier should be lapped and sealed Fig. II Air-Leakage Rate of Door Venus
or taped. Exterior air-infiltration barriers are generally made of Average Crack Width
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tan" of unexpected and unobvious construction defects. Many studied buildings. Therefore. assumptions as to their values must
important leakage sites can be very difficult to find. A variety of be made. The appropriateness of these assumptions determines
techniques developed to locate leakage sites are described in the accuracy of predictions of air exchange rates.
ASM Smndard Ell186.

Once leakage sites are located, they can be repaired with Empirical Models
materials and techniques appropriate to the size and location of
the.leak. Harrje erat. (1979), Diamond et *a. (1982), and Energy These models of residential infiltration are based on statistical
"Resource Center (1983) include information on air tightening in fits of infiltration rate data for specific houses. They use pres-
existing residential buildings. By using these procedures, the air surization test results to account for house airtightness, and take
leakage of residential buildings can be improved dramatically, the form of simple rlations between infiltration rate, an air-
Depending on the extent of the tightening effort and the an- tightness rating, and, in most cases, weather conditions. The
perience of those doing the work, residential buildings can be models account for envelope infiltration only and do not deal with
tightened anywhere from 5 to more than 5001 (Blomsterberg and intentional ventilation. In one approach, the air changes per hour
Harrje 1979, Harrje and Mills 1980. Jacobson at at. 1986, Ver- at 0.20 in. of water from a pressurization test. is simply divided
schoor and Collins 1986, Giesbrecht and Proskiw 1986). Much less by a constant approximately equal to 20 (Sherman 1987). This
experience is available for airtilhtening large, commercial estimate does not account for the effects of weather on air ex-
buildings, but the same general principles apply, change. Empirical models that do account for weather effects have

been developed by Reeves etal. (1979), Kronvall (1980a), and Shaw
RESiDENTIAL VENTILATION SYSTEMS (1981). The latter two models account for building air leakage us-

ing the values of c and n from Equation (16). The only other in-
Infiltration has traditionally met ventilation requirements for puts required are the wind speed and temperature difference. Such

houses. When the building envelope is leaky, infiltration usually empirical models predict infiltration rates very well in the houses
meet ventilation needs, but under mild weather conditions, these from which they were d,-veloped; they do not, however, work au
outdoor air requirements may not be met. During typical, or more well in other houses due to the building-specific nature of leakage
severe, weather conditions, ventilation requirements are exceed- distribution, wind pressure, and internal partitioning. Persily and
ed and energy is wasted to condition the etcessiveamounts of out- Linteris (1983) and Persily (1986) show comparisons between
door air The only way to control the ventilation rate of a building measured and predicted house infiltration rates for these and other
is to have a tight building envelope and a properly designed and models. The average differences between measurements and
operated mechanical ventilation system. The use of mechanical predictions are generally on the order of 4007@ for both models,
ventilation in houses is not well-developed, but Fisk et al. (1984) although individual predictions can be off by 100W0 or more.
and Hekmat et al. (1986) describe several options.

One residential ventilation option is balanced mechanical 4m- Single-Cell Models
tilation with heat recovery in an air-to-air heat exchanger or heat.
recovery ventilator. In this technique. roughly equal amounts of Several procedures have been developed to calculate building
air are supplied to and exhausted from the building. In the heat air exchange rates that are based on physical models of the
exchanger, heat, and in some cases moisture, is transferred between. building interior as a single zone. These models are only ap-
the incoming and outgoing airstreanms to reduce the energy con- propriate to buildings with no internal resistance to airflow, and
sumption associated with the mechanical ventilation raw, Perfor- are therefore inappropriate to large, multizone buildings. Models
mance concerns with these systems include the balance between of this type have been developeQ by the Institute of Gas Tech-
the supply and exhaust airflow rates, leakage between the two nology (10T), (Cole et al. 1980), the Building Research Establish-
airstreams, biological contamination of wet surfaces, frosting ment (Warren and Webb 1980), and the Lawrence Berkeley
within the devices, and air distribution. Laboratory (LBL) (Sherman and Grimsrud 1980). The LBL

Another option is whole building exhaust ventilation with sup- model has been widely used and serves as the basis of the calcula-
ply through intentional and controllable openings in the building tion procedure described in the residential calculation example sec-
envelope. In this technique, energy can be recovered from the ex- tion that follows. It uses pressurization test results to characterize
haust airstream with a heat pump to supplement domestic hot house air leakage through the effective leakage area at 0.016 in.
water or space heating. of water (CW - I). In addition to the wiad speed and temperature

d ffe-nce., the user must input information on leakage distribu-
CALCULATING AIR EXCHANGE tion, a shielding parameter, and a local terrain coefficient. The

predictive accuracy of this model can be very good when the in-Techniques for calculating building air exchange.rates have im- puts are well known for the building in question (Sherman and
proved in recent years (Liddament and Allen 1983). This section Modem 1986), but the predictions are not as accurate when the
describes several calculation procedures, ranging from simple inputs are not known. All these single-zone models are sensitive
estimation techniques to more physical models. The air exchange to the values of the inputs, and it is generally quite difficult to
rate of a building cannot be reliably estimated from the building's determine appropriate values. These models have exhibited
construction or age, or from a simple visual inspection. Some average errors on the order of 4047 for many measurements on
measurement is necessary, such as a pressurization test of envelope groups of houses and can be off by 1001% in individual cases (Per-
airtightness or a detailed quantiication of the leakage sites and sily 1986).
their magnitude. As discussed in the section on driving mecha-
nisms, it is straightforward to ca!culate the air exchange rate of a Multicell Models
building given the location and leakage function for every open-
ing in the building envelope and between major building zones, Multicell models of air exchange treat buildings as a series of
the wind pressure coefficients over the building envelope, and any interconnected zones and assume that the air within each zone is
mechanical ventilation airflow rates. These inputs are generally well mix.ed. Several such models have been developed by Etheridge
unavailable for all except very simple structures or tatremely well- and Ale•ander (1980), Liddament and Allen (1983), Walton (1984), g
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and Herrlin (09%5). They are all based on a mass balance for each area with scattered obstacles), R - 0.5 (half of the building
zone of the builditog. These mass balances are used to solve for an leakage in the walls), and X -, 0 (equal amounts of leakage in the

terior static pressure within the building by requiring that the floor and ceiling). The height of the one, two, and three-story
flows and outflows for each zone balance to zero. These models buildings are 3. 16. and 24 ft, respectively.

require the user to input a location and leakage function for every Example 1. Estimate the infiltration at design conditions for a two-story
opening in the building envelope and relevant interior partitions, house in Lincoln. Nebraska. The house has an effective leakage area of
a value for the wind pressure coefficient C. at the location of 77 inm. a volume of 12.000 ftW. and is surrounded by a thick hedge
each building envelope leakage site, and any mechanical ventila- (Shielding Class 3).
non airflow rates. This information is difficult to obtain for a Solution. The 97.!% design temperature for Lincoln is - 2IF. Assume

a design wind speed of 15 mph. Choosing A (0.0313) from Table 6 and Bbuilding. Wind pressure coefficient data in the literature, air (0.0086) from Table 8. the airflow rate due to infiltration is:
leakage measurement results from the building or its components,
and air-leakage data from the literature, can be used. These models Q - 7 1(0.0313)70) + (0.0086 x l52l,
not only solve for whole building and individual zone air echange - 1-6 cfm - 9384 ft1/h
rates, but also determine airflow rates between zones. These in. The infiltration rate I is equal to Q divided by the building volume:
terzone airflow rates are useful for predicting pollutant tra.nsport I (9384 ft'/h) /(12.000 W)
within buildings and smoke movement patterns in the event of a or I - 0.78 ach
fire. Multizone models have the advantage of providing a physical- or 2 C 0.e acu
ly correct determination of airflow rates, and very complex ExampleZ.Calculatetheaverageinfiltrationduringnone-weekperiod
representations of buildings can be easily modeled on personal in January for a one-ntory house in Portland. Oregon. During this pe.iod,
computers. the average indoor-outdoor temperature difference is 30 "F and the average

wind speed is 6 mph.
Pesidential Calculation Example The house has a volume of 9,000 ftW, an effective leakage area of 107

in.2, and is located in an area with buildings and trees within 30 ft in most
This section presents a simple, single-zone approach to directions (Shielding Class 4).

calculating air infiltvation rates in houses based on the LBL Soludon The airflow rate due to infiltration is:
model. The approach requires the effective leakage area at 0.016 Q = 107[(0.0156) x 30) + (0.0039 x 62)11/2
in. of water, which can be obtained from a whole building pres- w 83.5 cfm - 5.000 ft3/h
surization test. If a test value is not available, the data in Table 3 The infiltration rate is therefore:
can be used to estimate the leakage area of the building. The values
in the tables present results in terms of leakage area per compo- I = 0.56 ach
neat. Per unit component means eitherper component, per unit
surface area, or per unit length of crack, whichever is appropriate.
To obtain the building's total leakage area, multiply the overall Table 5 Example of Calculation of Building Leakage Area
dimensions or number of occurrences of each building compo- Based on Component Leakage Areas
neat by the appropriate table entry. The sum of the resulting pro- Component Description Di L, D, L,
ducts is the total building leakage area.

"lTble 5 gives the result of an example calculation of the effec- Sills Uncaulked 142 ft 0.19 in /ft 27.0
tive leakage area of a residence. Each leakage component is iden- Electrical 20 0.08 in-, ea 1.6
tified in the first column, and described in the second. The length, outlets
area, or number of components is in the third column. The fourth Windows Sliding 141 ft: 0.051, in-/ft- 11.4
column contains the leakage area per unit component, from Table Framing 141 ft- 0.024 in"/ftZ
3 and the fifth contains the total leakage area associated with that
component. The sum of the terms in the last column is the total Exterior doors Single 62 ft 0.11 in:/ft 8.3
leakage area of the building, in this case 131 in.-. Framing 62 ft-' 0.024 in:/ft:

Using the effective leakage area, the airflow rate due to infiltra- Fireplace Without 1 54.0 in: ea 54.0
tion is calculated according to: damper

Q - L (A At + B v2)1/ 2  (33) Penetrations Pipes 7 0.93 in-ea 6.S

where Heating Ducts Ducts untaped, I 22-0 in,- ca 22.0
in basementQ - airflow tate, cfm

L - effective leakage area, in.2 Calculated Building Leakage Area, L I 131 in2
A stack coefficient. (cfm}-(in.) -" (F)

f- average indoor-outdoor temperature difference for the time
interval of the calculation. IF Table 6 Local Shielding Classes

B - wind coefficient. (cfm)z(in.)- 4(mph)- 2

v - average wind speed measured at a local weather station for Clan Description

the time interval of interest. mph I No obstructions or local shielding

The infiltration rate of the building is obtained by dividing Q 2 Light local shielding; few obstructions, a few trees, or small
shedby the building volume. The value of B depends on the local 3 Moderate local shielding; some obstructions within two house

shielding class of the building. Table 6 lists five different shielding heights, thick hedge, solid fence. or one neighboring house
classes. 4 Heavy shielding; obstructions around most of perimeter.

Table 7 presents values of A for one, two, and three-story buildings or trees within 30 ft in most directions; typical
houses. Table 8 presents values of B for ont, two, and three-story suburban shielding
houses in shielding classes one through five. In calculating the 5 Very heavy shielding; large obstructions surrounding
values in Tables 7 and 8, several assumptions are made regarding perimeter within two house heights: typical downtown
inputs to the LBL model. They include terrain classes of 3 (rural shielding.
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, Table 7 Stack Cofclcett, ,4 infiltration measurement technique: An analysis of its accuracy and
Tb7....... fid measurnmecrts 176. Proceedings of the ASHRAE-DOE.BTECC

Hotse Height (stories) Conference on the Thermal Performance of the Exterior Envelopes
oft TWO Three of Buildings 1II. Clearwater Beach, FL.

Bohac. D., D.T. Harrie. and G.S. Homer. 1987. Field study of constant con.
Stack coefficient 0.0156 0.0313 0.0471 centranon and PFT infiltration measurements. Proceedings of the 8th

IEA Conference of the Air Infiltration and Ventilation Centre, Ubert-
inTedC. Germany.

Tables8 WindCoeffl_ ent_ B CGSB. 1986. Determination of the airtightness of building envelopes by

S1kiddJlg nouse Height (storift) the fan depresurization method. CGSB Standard, 149.10-M86. Cana-

Ch__ Ow TWO Tbme dihan General Standards Board, Ottawa.
r... 5-- Chastain. JP.. D.G. Colliver. and p.W. Winner. 1987. Computation of

1 0.0119 0.017 0.0184 discharge coefficients for laminar flow in rectangular and circular
2 0.0092 0.0121 0.0143 openings. ASHRAE Transations 93(2)':.-259.
3 0.0065 0.0086 0.0101 Cole. XT. T. Zawacki. R.H. Elkins. JXW Zimner. and RA. Macriss. 1980.
4 0.0039 0.0051 0.0060 Application of a generalized model of air inz'ltrauion to dsi ng homes.
5 0.0012 0.0016 0.0018 ASHRAE Transacions 86(2):765.

Coler. P.E 1981. Continuous measurements of air infiltration in occupied
dwellings, 147. Proceedings of the 2nd IE-A Conference of the Air In-

This estimate-of infiltration is an esdmat of the average value over the filtration Centre. Stockholm, Sweden.
one-week interval for which the weather information was obtained and Desrochemr. D. and A.G. Scott. 1985. Residential ventilation rates and in-
averaged. door radon daughter levels. 362. Trwraacions of the APCA Special.
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Calculated in Mible 5 (131 in.2). The house is located on a lot with several Diamond. &C. J.L Dickinson. RI.X Ll:chuM B. O'Rean. and B. ShohL
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wind speed during the heatin season is 7 mph, while the average indoor- Berkeley Laboratory, Berkeley. CA.
outdoor tmperture differece is 360F. Dickerhoff. DJ._ DT. Grimsrud. nrid R.D. Lipschutz. 1982. Component

Soluio. From Equation (33) the airflow rate due to infiltration is: leakage testing in residential buildinLgs. Proceedings of the American

Q - 131 ((0.0313 x 36) + (0.0066 x 71)j1i2 Counil for an Energy Efficient Econcmay, 1982 Summer Study, San.

- 163 chm - 9730 ft3 /h m Cruz, CA. Report LBL 14735. Lawrence Berkeley Laboratory,
Berkeley, CA.

The ave infiltration is therefore: Diets RLN., RW. Goodrich. E.A. Cow. and .F. Wieser. 1986. Detailed

" ! 9780ft3 /h ÷. 11,0O ft' description and performance of a passive perfluorocarbon tracer

- an h J system for building ventilation and air etchange measurement. In
Measured Air Le.akage of Buildings. ASTM STP 904, 203. H.R.

Again. this esimaite Y! t UWe mn itervai used in computing the Trechsel and P.L. Lagus, eds. American Society for Testing and
average values of the weather variables. Therefore, since the temperature Materials Philadelphia.
difference and wind speed are values averaged over the entire heating Elmroth. A. and P. Levin. 1983. Air infiltration control in housing, a guide
season, the infiltration estimae is valid over the same interval to international practice. Repori' D211983. Air Infiltration C-cnre.

Swedish Council for Building Research. Stockholm.

REYEM NCES Energy Resources Center. 1982. How to House Doctor. University of 11-
Li Chicago.

ACGIH. 1986. Industrial Ventilation. - A Manual of Recommended Etheridge. D.W. 1977. Crack flow equations and scale effect. Building and
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Appendix D. ACRONYMS

A/C air conditioning

AKU air handling unit

Btu British thermal unit

CKW chilled water

cfm cubic feet per minute

CNW condenser water

DHW domestic hot water

DX direct expansion

EMCS Energy Monitoring and Control System

ESA Energy Savings Analysis computer program

"OF Fahrenheit

hr(s) hour(s)

HVAC Heating, Ventilating, and Air Conditioning

HW hot water

kW kilowatt

kWh kilowatt-hour

lb pound

MBtu million Btu

MCWB mean coincident wet bulb temperature

OA outside air

yr year

D-1



Appendix E. SELECTED REFERENCES

Total Eneroy Management
NEMA (National Electrical Manufacturers Association)

Handbook of Air Conditionina System Desian 01965
Carrier Air Conditioning Company

Local Clinatoloaical Data. Annual Summary with Comparative Data
National Climatic-Data Center (NCDC)
Federal Building
Asheville, North Carolina 28801

Enerav Conservation With Comfort
Honeywell

1983 ASHRAE Handbook--Eguinment

1989 ASHRAE Handbook--Fundamentals
American Society of Heating, Refrigerating and Air Conditioning
Engineers, Inc.
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-appendix F. BLANK FOR~MS

ESA Program Field Survey Data Sheets
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GROUP BULIG

BULDINGj~ (1/3)
Buildin Hoin of Operetlo: 0100-0M0 0900-1600 1700-2400 Other_______

Heatin FeLm Tyaw.

Sks"c Building - Loost Zone, Wkindows Doo=, etc.

Pag ____ of



GROUP TBUILWING

ZONE ID Systems Serving Zone___________

Locaion Nominal hours/week occupied <cOH >_____

Function Warmup time before occupancy (hr) <WVU> ____

Floor Area Low Temperature Limit <LLU>

Occupied Summer Setpoint <SSP > Summer Setpoinft Rese < SSPR >_______

Occupied Winter Setpoint <WSP> (SSPR s AST-SSP)

Days/Week Heating Equipment Operation < Dh > -- Winter Setpoint Reset <WSPR >

Days/Week Cooling Equipment Operation <Do > (WSPR s WSP-AWT, s WSP.LTL)

SPECIAL REQUIREMENTS
Can ventlation be shut down for duty cycling? (V/N) _ __For what % time? < DCST >
Can ventilation be shut down for demand limiting? (V/N) _ __For what % time? < D1ST>

Can ventilation be shut down during unoccupied hours? (V/N)

If yes, what is the required OA purge time before occupancy? < PT>

REMARKS

ZONE D~I

ZONE ID Systems Serving Zone
Location_____________ Nominal hours/week occupied <OH>_____

Function Warmup time before occupancy (hr) < WU >
Floor Area_______________ Low Temperature Limit -cLL> ________

Occupied Summer Setpoint cSSP> Summrw Setpoint Reset < SSPR >
Occupied Winter Setpoint 'cWSP> (SSPR s AST-SSP)
Days/Week Heating Equipmnerit Ope-ation < Dh >- Winter Setpoint Reset <WSPR> _______

Days/Week Cooling Equipment Operation < c > - (WSPR s WSP-AWT, s WSP-LTL)

SPECIAL REQUIREMENTS
Can ventilation be shut down for duty cycling? (V/N) ____For what % time? <DCST >
Can ventilation be shut down for demand limiting? (V/N) _ __For what % time? <DOLST >_ _____
Can ventilation be shut down during unoccupied hours? (V/N)

* If yes, what is the required OA purge time before occupancy? < PT >

REMARKS

Page __ __of____



GROUP 7BUIWDINGBUILDING (2/3)

WALLS, EXTERIOR.

M NENT R- ES SKETCH CROSS SECTION

Outside Air Film

1.
2.

4.

5.

6.

7.

Inside Air Film

TOTAL R VALUE

I/R - <U> -

ROOF

C E ALUE SKETCH CROSS SECTION

Outside Air Film "_ _

2.
3.

4.

5.

6.

7.

Inside Air Film

TOTAL R VALUE

1/R - <U >-

No. of Floors (above ground) Calculated Total Areas (above ground):

Avg. Floor to Floor Height Walls, gross

No. of Basement Levels Windows <•A.,>

Gross Floor Area <Af> Doors <Aw>

Roof Area <A,,> Other

Estimated total bldg. air infiltration (cfm) <I> Walls, not <A.,,>

Page ___ _of



GROUP "BUILDING

SBfUILDING ATA (3/3)

WINDOW TYPE ._.._ R-VALUE ._._._<U,,_ >

WINDOW TYPE R-VALUE -

"WINDOW TYPE R-VALUE . <U,,IWI>

DOOR TYPE R-VALUE < Uo>

DOOR TYPE ._R-VALUE < U _ __>

DOOR TYPE R-VALUE <Ufw>

OTHER R-VALUE < U __W>

OTHER R-VALUE <U__w__.

OTHER __R-VALUE <U",>

UA. U. x A..t + U.... x Aw,. + U.. x A., + U•, xA

Remarlcs- Note air leaks, struturaI damage, broken/defective windows, fit of windows and doors, vents that remain

open, etc.

Page of



GROUP BUILDING SYSTEM

Applicabl Systems

IA. Slingle Zone AHU D. Mult-zone AHU G. Two Pipe Fan Coll Unit
B. Terminal Rohsat AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit
C. Varibl Volume AHUF. Multi-zoneDX.A/CI

System Dowc Zones Served

ILocation Total Area Served <Az> ___________

System Eftiienccy <HSE> - Unit Supplying Heating Energy

Reheait Coll Reset <RHR> Heating Energ Fuel Source

Present percent of OA used (decimal) < POA> -Unit Supplying Cooling Energy

Enrwgy Used/Ton Refrigeration <CPT> Cooling Energy Fuel Source

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Aeating System < 4h > Hours/Week Heating System < HhEMVCS >

Hours/Week at WSP < Hwsp> Hours/Week Cooling System < HcEMCS >

Hours/Week Cooling System -McH> _______Can systemg be shut down when

Hours/Week at SSP < Heap> zone(si) unoccupied? (Y/N)

FAN DATA PUMP DATA AUX DATA

Fucion <CFM> <HP> Fucin <HP> FucioHP>

Return Air _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

MULTI-ZONE DATA

Percent of air passing through Hot Deck < Phd > - Summer Hot Deck Rese < SHOPR> _____

Per cent of air passing through Cold Deck < Pod > - Winter Hot Deck Reset < WHDR > _____

Operating Hours/Week Dual Deck <Hhc> Summer Cold Deck F~ewe <SCOR>

MAX/MIN <cWSP> ________ SSP> f<WVU>
ZONE <LTL> ________ <WSPR> _______ <Dli> _______

DATA <OHt> ________ SSPR> j <Do>_______

<DCST> __________ ____<PT>___

Page _____Of____



1 . Electrc Unit. Heatr M. Direct FiredI Boiler 0. Not Water Radiation

I J. Ekxnc Radiaion N. Steam Unit Heater U. HTHW/Starn ConverterIK. Hetng/VenIaing Unit 0. Hot Water Unit Hewer V. HTHW/HW Converter
L. Direct Fired Furnace P. Steam Radiation __

System Duec Zones Served

Location Total Area Served <Az>

Electric Homer Power Rating (Kw) <PWR> Unit Supplying Heating Energy

System Efficiency <HSE> Heating Energy Fuel Source__

Present percent of OA used (decimal) <POA> - Max Total Input Rating (Btu/hr) <CAP>

Heating system Efficiency Increase <OAEI> >

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Heating System <Hh> Hours/Week Heating System <HhEMCS>

Hours/Week at WSP <Hwap>

FAN DATA PUMP DATA AUX DATA

Function <CFM. <HP> Functi <HP> FuCion <HP>

Supply Air _HP_

Return Air

MAX/MIN <WSP> <OH> <WU>

ZONE <LTL> <WSPR> < Oh>
DATA <DCST> < DLST>

REMARKS

Page of



GROUP BUILDING SYSTEM

Applbicbe Sy~stm

SR. Steam Boiler S. Hot W ater Boiler

System D•e Zones Served

Location Heating Energy Fuel Type

Efficiency Increase Max Total Capacity (Btu/hr) <CAP>

when Changing Boilers <BCEI> Heating system Efficiency Increase <OAEI>

System Availability (days/year) System Efficiency <HSE>

REMARKS

Page Of
Page _____ of _____



Y!

0 Applicable Systems

1 W. Water Cooled DX Compressor Y. Air Cooled Chiller
IX. Air Cooled DX Compressor Z.. Water Cooled Chiller

System Desc Zones Served

Location Energy Used/Ton Refrigeration <CPT>

Chiller Type: (1) Centrifugal (2) Absorption Chiller Capacity (tons) <TON>

(3) Reciprocal (4) Screw Comp Present Condenser Water Temperature <PCWT>

Centrifugal Chiller Motor HP <CHP> - Is the condenser fan continuous or cycling?

Centrifugal Chiller Motor Efficency <CME> Chiller water temperature reset <CWTR>

System Availability (days/year)

Efficlency Increase when changing chillers <CSEI>

Can the centrifugal chiller be shut down for demand limiting? (Y/N) _ For what % time? <SOT>

Can the centrifugal chiller capacity be stepped down for demand limiting? (Y/N) _ By what %? <SOC>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Cooling System <Hc H> Hours/Week Cooling System <HcEMCS>

-FAN DATA PUMP DATA

Funcio <HP> Function <HP>

REMARKS

Page of



GROUP BUILDING SYSTEM

,,Iabe _Systems

Sytun Deesc_ Zones Sored -_,

Loat.o. Total Wattage <TCL>

CURRENT OPERATING SCHEDULE PROPOSED OPERATING SCHEDULE

Hours/Week Lightirg System <.HL> Hours/Week Lighting System <.HLEMCS>

REMARKS

6

Page Of



GROUP BUILDING SYSTEM

PROJECT REMARKS
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Appendix F. BLANK FORMS (continued)

* ESA Program Screen Data Input Forms



Variable Description Symbol Value Units

Avg Entering Condenser Water Temperature ACWT "F

Annual Number of Days for Morning Warmup ANDW days/year

Average Summer Temperature AST "F

Average Winter Temperature AWT OF

Cooling Full-Load Hours CFLH hrs/year

Heating Full-Load Hours HFLH hrs/year

Weeks of Cooling WKC wkb/year

Weeks of Heating WKH wks/year

Average Outside Air Enthalpy OAE Btu/lb

Percent Run Time PRT percent

Building

[ Check here if Chiller uses steam.

Heating Fuel Type: ' choice list

Variable Description Symbol Value Units

Heating Value of Fuel HV Btu/ - -

Mod Comb Thermal Transmittance UoAo Btu/hr,*F

Total Air Infiltration I C_".

Gross Floor Area Af ft'

Building Thermal Transmission BTT Btu/hroft, .F

ha Heating Fuel Type:

Electricity (at the meter) 3413 Btu/kWh
Electricity (at point of generation) 11,600 Btu/kWh
Fuel oil, distillate #2 138.690 Btu/gallon
Fuel oil, residual #6 149,690 Btu/gallon
Natural gas (methane) 1,025 Btu/cf
Propane, gas 2500 Btu/cf
Propane, liquid 91,500 Btu/gallon
Bituminous coal 26,260,000 Btu/short ton
Steam (at point of consumption) 1000 Btu/Ib
S'ew.. (.t point of generation) 139( Dtu/lb. ** BTT is calculated by the program.
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GOPBUILDING SSTEM

A. Single Zone AHU 0. Multi-zone AHU G. Two PQpe Fan Coil Unit
1 1. Terminal Rehea AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Linkt

QC VaWable Volume AHU F. Muli-zone OX-A/C

System Oata Entry

Sysmtm Desription:

Varal Description Symbol Value Units

Area of zone AZ fit
Winter thermostat epoint, occupied WSP •_ F

Low temperature limit LTL OF

Heating operation without EMCS Hh hours/week

Heating operation with EMCS HhEMCS hours/week

Heating system efficiency HSE decimal

Summer thermostat setpoint, occupied SSP OF

Return air enthalpy when unoccupied RAE Btu/lb

Cooling operation without EMCS Hc _u__/wek

Cooling operation with EMCS HcEMCS hours/lme
Cooling energy consumption per ton CPT """

Supply air capacity CFM cfm

Present frac.tion of outside air used POA decimal

Equipment motor horsepower HP hp

Equipment motor load factor L decimal

Zone occupied hours OH hours/week

Duty cycling shutdown time DCST percent

Demand limiting shed time DLST ",rcent

Winter thermostat setlpoint reset WSPR "F

Winter setpoint equipment operation Hwsp hours/week

Summer thermostat setpoint reset SSPR "F

Summer setpolnt equipment operation Hssp hotirs/week

**** kW/ton or lb-ton/hr
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GROUP BUILDING - SYSTEM

Applicable System

i A. Single Zone AHU 0. Multi-zone AHU G. Two Pipe Fan Coil Unit
B. Terminal Reheat AHU E. Single Zone DX-A/C H. Four Pips Fan Coil Unit
C. Variable Volume AHU F. Muttizone DX-A/C

System Data Entry (continued)

Shutdown system when bldg unoccupied? Y or N

Present warmup time before occupancy WU hours/day

Heating equipment operating schedule Dh days/week

Cooling equipment operating schedule Dc "F

Purge time before occupancy PT O F

Fraction of total air thru hot deck Phd decimal

Hot/cold deck equipment operation Hhc hours/week

Summer hot deck reset SHDR "F

Winter hot deck reset WHDR -F

Fraction of total air thru cold deck Pod decimal

Summer cold deck reset SCDR -F

Reheat cooling coil discharge reset RHR -F

Optimum start/stop heating savings MBtu

Optimum trt/stop htg-vent savings MBtu

Optimum MSt/stop htg aux savings kWh

Optimum start/stop cooling savings MBtu or kWh

Optimum stat/stop ig-vent savings MBtu or kWh

Optimum start/stop dg aux savine kWh

Economizer cooling savings MBtu or kWh
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BUn(- ILDING SYSTEM

Applicable Sy"_ns

A. Single Zone AHU D. Multi-zone AHU G. Two Pipe Fan Coil Unit
B. Tenrlnal Rehet AHU E. Single Zone DX-A/C H. Four Pipe Fan Coil Unit
C. Variable Vvlume AHU F. Multi-zone OX-A/C

System Data Enmy (continued)

Scheduled start/stop labor savings mh

Optimum start/stop labor savings mh

Duty cycling labor aavings _h

.emad dmng limr sar, mh

Day/night setback Labor wr.ng mh

Economizer labor savings mh

Voet/recirc labor savings mh

HK, deck/cold deck labor s qinrs mh

Roheat cnil labor savings mh

Run time recording labor savings mh

Saiety alarm labor savings. mh
IfL.- -..I .

Syster Strmagy Seletio a aid Annual Savings

Scheduled Start/Stop [ Run trae Recording

[ Optimwmn Star/Stop I Safety Alam

( Duty Cvcng
[] Demand Umitinb

Day/Night Setback

3 Economizer

(1 Ventitio)n/Recirculation

H Hot/Cold Cwk Reset

[ Reheti Coil Rest
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GROUP BUILDING SYSTEM

Applicable Systems

1I. Electric Unit Heater L. Direct Fired Furnace T. Steam/Hot Water Converter
J. Electric Radiation M. Direct Fired Boiler V. HTHW/Hot Water Converter
K. Heating/Ventilating Unit 0. Hot Water Radiation

System Data Entry

System Description:

Variable Description Symbol Value Units

Area of zone Az ft,

Winter thermostat setpoint, occupied WSP OF

Low temperature limit LTL -F

Heating operation without EMCS Hh hours/week

Heating operation with EMCS HhEMCS hours/week

Heating system efficiency HSE decimal

Supply air capacity CFM cfm
Present fraction of outside air used POA decimal

Equipment motor horsepower HP _hp

Equipment motor load factor L decimal

Zone occupied hours OH hours/week

Power rating of resistance unit PWR Kw Kw

Duty cyding shutdown time DCST percent

Denand limiting shed time DLST percent

Winter thermostat setpoint reset WSPR "F

Winter setpoint equipment operation Hwsp hours/week

Shutdown system when bldg unocupied? Y or N

Present warmup time before occupancy WU hours/day

Heating equipment operating schedule Dh days/week

Purge time before occupancy PT minutes

Total input rating of boilers CAP Btu/hr

Heating system efficiency increase OAEI decimal
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GROUP BUILDING SYSTEM

1 1. Electrc Unit Heare L. Direct Fired Furnace T. Steam/Hot Water Converter
, J. Elecri Radiationt M. Direct Frired Boiler V. HTHW/Hot Water Converter

K. Heafing/Ventlla1tng Unit 0. Hot Water Radiation

System Data Entry (continued)

Optimum start/stop cooling savings MBtu or kWh

Optimum start/stop cig.vent savings MBtu or kWh

Optimum stat/stop cIg aux savings kWh

Scheduled start/stop labor savings mh

Optimum stmat/stop labor savings mh

Duty cycling labor savings mh

Demand limitng labor savings mh

Day/night setback labor savings mh

Vent/recirc labor savings mh

HW outside air reset labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh

System Strategy Selection ,nd Annual Savings

[ Scheduled Start/Stop

[ Optimum Start/Stop

[ Duty Cycling

[ Demand Umiting
[ Day/Night Setback

[ Ventilton/Recirculation

[ HW OA Reset

[ Run Time Recording

[uSafety Alarm
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GROUP BUILDING -7SYSTEM

e Applicebe, Systms

SN. Steam Unit Hester P. Steam Radiation
0O. Hot Water Unit Heater U. HTHW/Stsarn Converter,'

System Data Entry

System Description:

Varable Description Symbol Value Units

Area of zone Az *t,

Winter thermostat setpoint, occupied WSP OF

Low temperature limit LTL _F

Winter thermostat set point reset WSPR "F

Winter setpoint equipment operation Hwsp hours/week

Heating system efficiency HSE decimal

Day/night setback labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh

System Strategy Selection and Annual SavingsI ] Day/Night Setback

[] Run Time Recording

[] Safety Alarm
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GROUP BUILDING SYSTEM

Applicable Systems

R. Stemm Boiler S. Hot Water Boiler

System Data Entry

System Description:

Variable Description Symbol Value Units

Heating system efficiency HSE decimal

Total Input rating of boilers CAP Btu/hr

Boiler conver.ion effic:•cy increase BCEI decimal

Heating system efficiency increase OAEI decimal

Steam boile selecdon labor savings mh

HW boiler selection labor savings mh

HW Outside air reset labor savings mh

Run time recording labor savings mh

Safety alarm labor savings nmh

System Strategy Selection and Annual Savings

17 Steam Boiler Selection

) HW Boier Selection

[ HWOA Reset

[ Run Time Recording

SSafety Alarm
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GROUP BUILDING SYSTEM

Applicable Systems

W. Water Cooled OX Compressor Y. Air Cooled Chiller'
X Air Cooled DX Compressor Z. Water Cooled Chiller

System Data Entry

System Description:

Variable Description Symbol Value Units

C-oling operation without EMCS Hc hours/week

Cooling operation with EMCS HcEMCS hours/week

Cooling energy consumption per ton CPT

Equipment motor horsepower HP hp

Equipment motor load factor L decimal

Zone occupied hours OH hours/wk

Duty cycling shutdown time DCST percent

Demand limiting shed time DLST percent

Total capacity of chillers TON tons

Chiller selaction efficiency increase CSEI percent

Chiller water temperature reset CWTR OF

Chiller type choice list *

Present condenser water temperature PCWT "F

Present fan operation choice list *

Centrifugal chiller motor horsepower CHP hp

Cantrifugal chiller motor efficiency CME decimal

Step down percent of capacity SDC percent

Step down percent of time SDT percent

Optimum start/stop cooling savings MBtu or kWh

0" Optimum start/stop cig-vent savings MBtu or kWh

Optimum start/stop cig aux savings kWh

kW/ton or lb-ton/hr
C chiller types: (1) Centrifugal (2) Absorbtion (3) Reciprocal (4) Screw Comp. * Present fan operation (1) Fan now cycles (0) Fan now runs continuously, but will cycle
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[GROUP FBUILDING SYSTEM

Applicable Systems

W. Water Cooled DX Compressor Y. Air Cooled Chiller
X. Air Cooled DX Compressor Z. Water Cooled Chiller

System Data Entry (continued)

Scheduled start/stop labor savings nmh

Optimum start/stop labor savings mh

Duty cycling labor savings mh

Demand limiting labor savings mh

Chiller selection labor savings mh

Chiller water reset labor savings mh

Condenser water rset labor savings mh

Chiller demand limit labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh

System Strategy Selection and Annual Savings

[( Scheduled Star/Stop

[ Optimum Start/Stop

[3 Duty Cycling

[ ] Demand Umiting

[] Chiller Selection

[ Chiller Water Temp Reset

[ Condenser Weer Temp Reset

[ Chiller Demand Umit
Run Time Recording [ Safety Alarm
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GROUP BUILDING - -SYSTEM

Applicable Systems
I -;

i-AA. Lhting Contr

System Data Entry

System Description:

Variable Description Symbol Value Units

Total power consumption of lights TCO MW

Lighting operation without EMCS HI hours/week

Lighting operation with EMCS HIEMCS hours/week

Lighting control labor savings mh

Run time recording labor savings mh

Safety alarm labor savings mh

System Strategy Selection and Annual Savings

Lighting Control
Run Time Recording

[lSafety Alarm
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Appendix F. BLANK FORMS (continued)

A

Factor Summary

* System Savings Summary

A



GROUP I BUILDING

Factor Summary

Ref Factor Calculated Value

4-4.1 ACWT OF

4-4.2 ANDW - days/year

4-4.3 AST - "F

4-4.4 AWT O "F

4-4.5 CFLH hrs/year

4-4.6 HFLH = hrs/year

4-4.7 '__ weeks/year

4-4.7 WKH = weeks/year

4-4.7 WKC = weeks/year

4-4.8 - Btu/lb

4-4.9 PRT =

UoAo = Btu/hr• F
4-4.10 I cfm

Af = ft,

BTT = Btu/hr - •t' F
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______System Savings Summary-
_________ avings

Ref Strategy ____MBtu/yr kWh/yr kW P11/yr

5-4.1 ShdldStart/Stop

5-4.2 OptimumStrtZ N'

5-4.3 - Duty . cling -~

5-4.4 _ Demand Limiting *.... ..... ..........

.5-4.5 Day/Night Setback _____

5-4.6 OA Dry Blb FE-onomizer_____

5-4.7 Ventilation arnd

5-4.8 Hot Deck/Cold Deck
________Temperature Reset______

5-4.9 Reheat Coil Reset_____

5-4.10 Boiler Selection ______

5-4.11 Hot Water Outside ~**. .

Air Reset M_____ _______

5-4.12 Chiller Selection_____

5-4.13 Chiller Water
________Temperature Reset

5-4.14 Condenser Water
________Temperature Reset____

5-4.15 Chiller Demand Limit____

5-4.16 Lighting Control

5-4.17 Run Time Recording

5-4.18 Safety Alarm .........

MBtu Sub Total

Fuel + HV
Type (See Appendfx A) __________ I______ _____

Notes-

TOTALS
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DISTRIBUTION LIST

. 92 CES I DEBE, FAIRCHILD AFB, WA
ACEC RESEARCH / A.J. WILLMAN, WASHINGTON, DC
AF / 1040 CESIDEEE, PATRICK AFB. FL
AF / 18 CESSIDE•EM, APO AP
AF / 314 CES/CEEE 1 (KINDER), LrI=LE ROCK AFE, AR

AF / 750 SPTSIDE, ONIZUXA AFB, CA
AF / 92 SO/CEOE, FAIRCHILD A.77B, WA
AF I CESIDEMC (NEAL), SHEPPARD AFB, "TX
AFESC / AL/EQ-TIC (FL 7050). TYNDALL AFB, FL
AFESC / DT73MM/I'US, TYNr L AFB, FL
AFESC I hQ, RDVA & RDVs.-W, TYNDALL AFB, FL
ARMY / POYEJD-O, APO AP
ARMY CERL I ENERGY SYS DIV, CHAMPAIGN, IL
ARMY DEPOT/ LETrERKENNY, SDSLE-EN, CHAMBERSBURG, PA
ARMY TRADOC / ATBO-GFE (EVANS), FORT MONROE, VA
ARMY TRADOC / ATEN-FE (BROWE), FORT MONROE, VA
CITY OF EAST LANSING I N. KING, EAST LANSING, MI
CITY OF RIVERSIDE / BLDG SVCS DEPT, RIVERSIDE, CA
CITY OF SACRAMENTO / GEN SVCS DEPT, SACRAMENTO, CA
COGUARD / SUPERINTENDENT, NEW LONDON, CT
COM GEN FMF I PAC, SCIAD (G5), CAMP HM SMITH, HI
COMFAIR / MED. SCE, NAPLES, ITALY, FPO AE
COMFLEACT / PWO. FPO AP
COMNAVAIRSYSCOM / AIR-714, WASHINGTON, DC. COMNAVAIRSYSCOM I CODE 422, WASHINGTON, DC
COMNAVLOGPAC I CODE 4318, PEARL HARBOR, HI
COMSUBDEVGRU ONE / CO, SAN DIEGO, CA
COMSUBPAC / CODE 44A1, PEARL HARBOR, HI
DEFENSE DEPOT I FACILITY ENGINEER, OGDEN, UT
DEFENSE DEPOT I STRAND, OGDEN, UT
DEPT OF LABOR I JOB CORPS, (MANN), IMPERIAL BEACH, CA
DEPT OF STATE / FOREIGN BLDGS OPS, BDE-ESB, ARLINGTON, VA
DTRCEN / CODE 42, BETHESDA, MD
DTRCEN / CODE 421.1, BETHESDA, MD
EGAN, DAVID / ANDERSON, SC
FACILTIES DEPT / 7FAC, FPO AP
GSA / HALL, WASHINGTON, DC
IOWA STATE UNIV / ARCH DEPT (MCKROWN), AMES, IA
JOHNSON CONTROLS, INC / TRNG DEPT, MILWAUKEE, WI
JOUR OF DEF / C. WALLACH. ED, CANOGA PARK, CA
KSU / FRITCHEN, MANHATTAN, KS
MARCORBASE / BASE MAINT DEPT, CAMP LEJEUNE, NC
MARCORBASE / FACILITIES COORDINATOR, CAMP PENDLETON, CA
MCAS I CODE IJD. 14 (HUANG), SANTA ANA, CA
MCAS I CODE 3JD, YUMA, AZ
MCAS I CODE LCU, CHERRY POINT, NC
MCAS / EL TORO, CODE IJD, SANTA ANA. CA
MCLB I CODE 520, ALBANY, GA
MICHIGAN TECH UNIV / CO DEPT (HAAS), HOUGIITON, MI. NAS / CO, NORFOLK, VA



NAS / CODE 18300, LEMOORE, CA
NAS / CODE BORE, MARIETTA, GA
NAS / CODE 8S0C, GLENVIEW, IL
NAS / KIRBY, MERIDIAN, MS
NAS / MEMPHIS, CODE 18200, MILLINGTON, TN
NAS I OCEANA, PWO, VIRGINIA BEACH, VA
NAS / PWD MAINT DIV. NEW ORLEANS, LA
NAS / PWO, KEY WEST, FL
NAS / PWO, BERMUDA, FPO AE
NAS / WHIDBEY IS, PWE, OAK HARBOR, WA
NAS / WPNS OFFR, ALAMEDA, CA
NAS ADAK / CODE 114, FPO AP
NAS MEMPHIS / CODE N-81, MILLINGTON, TN
NAS OCEANA / ADAMETZ, VIRGINIA BEACH, VA
NAS PENSACOLA / FAC MGMT OFFICER, PENSACOLA, FL
NAS PENSACOLA / GILL, NAS PENSACOLA, FL
NASA HDQTRS / WICKMAN, WASHINGTON, DC
NATL ACADEMY OF SCIENCES / BRB, (SMEALLIE), WASHINGTON, DC
NAVAIRWARCENACDIV / CODE 8, PATUXENT RIVER, MD
NAVAIRWARCENACDIV / PWE, PATUXENT RIVER, MD
NAVAIRWARCENACDIVTRN I CO, TRENTON, NJ
NAVAIRWARCENACDIVWAR I CODE 832, WARMINSTER, PA
NAVAIRWARCENACDIVWAR / CODE 8323, WARMINSTER, PA
NAVAIRWPNSTA / CODE 6200, POINT MUGU, CA
NAVAIRWPNSTA t CODE 07301 (CORRIGAN), POINT MUGU, CA
NAVAVNDEPOT / CODE 647, CHERRY POINT, NC
NAVCOASTSYSCEN I PWO (CODE 740), PANAMA CITY, FL
NAVCONSTRACEN I CODE B-1, PORT HUENEME, CA
NAVFACENGCOM I CODE 0S5A, ALEXANDRIA, VA
NAVFACENGCOM CONTRACTS / DROICC, LEMOORE, CA
NAVFACENGCOM CONTRACTS / ROICC, SANTA ANA, CA
NAVFACENGCOM CONTRACTS / SASEBO, FPO AP
NAVHOSP / CO, MILLINGTON, TN
NAVMEDCOM / NWREG, FAC ENGR, PWD, OAKLAND, CA
NAVORDSTA / CODE 0922B1, INDIAN HEAD, MD
NAVORDSTA / PWO, LOUISVILLE, KY
NAVPWC / TAYLOR, PENSACOLA, FL
NAVRESCEN / DIR, FAM HSNG, SIOUX CITY, IA
NAVSCSCOL I PWO. ATHENS, GA
NAVSEA DET t NISMF PEARL HARBOR, WAIPAHU, HI
NAVSEASYSCOM / CODE 56Z4, WASHINGTON, DC
NAVSECGRUACT / CODE 31 PWO, FPO AA
NAVSECGRUACT / PWO (CODE 40), EDZELL, SCOTLAND, FPO AE
NAVSECGRUACT / PWO. CHESAPEAKE, VA
NAVSECGRUACT / PWO, FPO AP
NAVSECSTA / CODE 60, WASHINGTON. DC
NAVSHIPYD / CODE 308.05, PEARL HARBOR, HI
NAVSHIPYD / CODE 450, BREMERTON, WA
NAVSHIPYD I CODE 450.4. CHARLESTON, SC
NAVSHIPYD / CODE 453, CHARLESTON, SC

I



. NAVSHIPYD I CODE 903, LONG BEACH, CA
NAVSHIPYD / MARE IS, CODE 202.13, VALLEJO, CA
NAVSHIPYD / MARE IS, CODE 421, VALLEJO, CA
NAVSHIPYD / MARE IS, CODE 440, VALLEJO, CA
NAVSHIPYD / MARE IS, CODE 457, VALLEJO, CA
NAVSHIPYD / PWO CODE 400, CHARLESTON, SC
NAVSTA / CODE ODA2, SAN DIEGO, CA
NAVSTA / CODE 4216, MAYPORT, FL
NAVSTA / CODE 423, NORFOLK, VA
NAVSTA PUGET SOUND / CODE 922, EVERETT, WA
NAVSUBBAS I AMES, NEW LONDON, CT
NAVSUPCEN I CODE 700A. 1, NORFOLK, VA
NAVSUPPACT / CO, NAPLES, ITALY, FPO AE
NAVSUPPACT / PWO, NAPLES, ITALY, FPO AE
NAVSUPPFAC / CONTRACT ASSISTANT, FPO AP
NAVSUPSYSCOM / CODE 0622, WASHINGTON, DC
NAVTECHTRACEN / UPSON, PENSACOLA, FL
NAVTRASTA / PWO, ORLANDO, FL
NAVWPNSTA EARLE / PWD (LENGYEL), COLTS NECK, NJ
NAWS I ROICC NIEMI, POINT MUGU, CA
NETC / 40E, NEWPORT, RI
NFESC / CODE ESC20, PORT HUENEME, CA
NORDA / CODE 352, NSTL, MS
NORTHDIV CONTRACTS OFFICE / ROICC, PORTSMOUTH, NH
NORTHNAVFACENGCOM / CODE 04, LESTER, PA. NORTHNAVFACENGCOM i CODE 164, LESTER, PA
NORTHNAVFACENGCOM I CODE 203171, LESTER, PA
NORTHNAVFACENGCOM / CODE 408AF, LESTER, PA
NRL / CODE 2511, WASHINGTON, DC
NRL / CODE 2530.1, WASHINGTON, DC
NRL / CODE 4670, WASHINGTON, DC
NSC / CODE 43, OAKLAND, CA
NSGA / UNIT 35167, APO AP
NSGA NORTHWEST / CODE 40A. CHESAPEAKE, VA
NUSC DET / CODE 5202 (SCHADY), NEW LONDON, CT
OICC / ENGR AND CONST DEPT. APO AE
PACIFIC MARINE TECH / M. WAGNER, DUVALL, WA
PACNAVFACENGCOM / CODE 1112, PEARL HARBOR, HI
PWC / CODE 101, GREAT LAKES, IL
PWC / CODE 123C, SAN DIEGO, CA
PWC / CODE 423/KJF, NORFOLK, VA
PWC / CODE 610, SAN DIEGO, CA
PWC / CODE 612, PEARL HARBOR, HI
PWC / CODE 612, PEARL HARBOR, HI
PWC ENVIRONMENTAL GROUP / CODE 951, OAKLAND. CA
PWC/ CODE 400. WASHINGTON. DC
RADIANT EQUIP CO / AMO, SAN ANDREAS, CA
SAN DIEGO PORT / AUSTIN, SAN DIEGO, CA
SEATTLE PORT / DAVE VAN VLEET, SEATTLE, WA
SEATITLE PORT / DAVID TORSETH, SEATILE, WA



SOUTHNAVFACENGCOM /CODE 04A, NORTH CHARLESTON, SC
SOUTHNAVFACENGCOM /CODE 161ITh, NORTH CHARLESTON, SC
SOUTHNAVFACBNGCOM ICODE 162, NORTH CHARLESTON, SC
SOUTHNAVFACENGCOM ICODE 1621, NORTH CHARLESTON. SC
SOUTHNAVPACENGCOM 'CODE 403 (S. HULL), NORTH CHARLESTON, SC
SOUTHNAVFACENGCOM /CODE 404 (REL), NORTH CHARLESTON, SC
SOUTHNAVFACENGCOM ICODE 4051, NORTH CHARLESTON, SC
SPCC / CODE 0M, MECHANICSBURG, PA
TECHNOLOGY UTILIL4TION / K WILLINGER, WASHINGTON, DC
TENNESSEE TECH UNIV / T. LUNDY, COOKEVILLE, TN
TEXAS A&M UNIV / ENERGY TRNG DIV (DONALDSON), HOUSTON, TX
'IRIDENT TRAINING FAC / ANDERSON, KINGS BAY, GA
TRIREFFAC / BANGOR, CODE 213, BREMERTON, WA
UNIV OF ALABAMA I DIR FAC MGMT (BAKER), BIRMINGHAM. AL
UNIV OF ALABAMA / PRUlTi', BIRMINGHAM, AL
UNIV Of FLORIDA / ARCH DEPT (MORGAN), GAINESVILLE, FL
UNIV OF NEW HAMPSHIRE / BLEC ENGRG DEPT, DURHAM, NH
UNIV OF NEW MEXICO / NMERI (FALK), ALBUQUERQUE, NM
UNIV OF PENNSYLVANIA / INST ENVIRON MEDICINE, PHILADELPHIA, PA
UNIV OF PITT'SBURGH /HOLLAND, PITTSBURGH, PA
US DEPT OF INTERIOR /BLM, ENGRG DIV (730), WASHINGTON, DC
USAEH / DAIM-FDF-U, FT BELVOIR, VA
USCG / G-ECV-4B, WASHINGTON, DC
USN / CA.PT COLCIN M JONES, HONOLULU, HI-1
USPS / BILL POWELL, ARLINGTON, VA
VENTURA COUNTY / DEPUTY PW DIR, VENTURA, CA
WESTNAVFACENGCOM f CODE 162, SAN BRUNO. CA
WESTNAVFACENGCOM / CODE 405, SAN BRUNO, CA
WESTNAVFACENGCOM / ROICC, SILVERDALE, WA


